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Abstract 

Sandia National Laboratories, New Mexico conducts the Utility Battery 
Storage Systems Program, which is sponsored by the U.S. Department of 
Energy’s Office of Energy Management. In this capacity, Sandia is 
responsible for the engineering analyses, contract development, and testing of 
rechargeable batteries for utility-energy-storage applications. This report 
details the technical achievements realized during fiscal year 1992. 
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1. Executive Summary

Introduction

This report documents the fiscal year 1992 ac-
tivities of the Utility Battery Storage Systems Program
(UBS) of the U.S. Department of Energy (DOE), Office
of Energy Management (OEM). The UBS program is
conducted by Sandia National Laboratones (SNL). See
SAND91 -2694, Utility Battery Exploratory Technology
Development Program Report for FY91, for a descrip-
tion of the previous year’s activities. UBS is respon-
sible for the engineering development of integrated bat-
tery systems for use in utility-energy-storage (UES) and
other stationary applications. Development is accom-
plished primarily through cost-shared contracts with
industrial organizations. An important part of the
development process is the identification, analysis, and
characterization of attractive UES applications.

Paul C. Butler is the Project Manager for UBS ac-
tivities at SNL. He also supervises the Storage Batteries
Department under Gary N. Beeler, Energy Components
Directorate. Nicholas J. Magnani is the Sector Program
Manager.

UBS is organized into five projects:

● Utility Battery Systems Analyses

● Battery Systems Engineering

“ Zinc/Bromine

“ Sodium/Sulfur

“ Supplemental Evaluations and Field Tests.

The results of the Utility Systems Analyses are used
to identify several utility-based applications for which
battery storage can effectively solve existing problems.
The results will also specify the engineering require-
ments for widespread applications and motivate and
define needed field evaluations of full-size battery sys-
tems.

The Battery Systems Engineering and specific tech-
nology projects have emphasized four battery systems
development contracts, all cost-shared with industry.
SNL conducts program management, technology
evaluation, and applied research activities. Battery Sys-
tems Engineering is focusing on improving the lead-acid
battery technology and on the development of electronic
components for and design of complete utility battery
systems. The other two development projects involve

the progression of two advanced battery technologies,
zinc/bromine and sodium/sulfur. These contracts util-
ize a phased development approach from fundamental
electrochemical research and development (R&D), to
component development, and through several steps of
battery engineering (conceptual, prototype, and
product). An integrated battery system suitable for
commercialization and deployment at utilities is the
desired final product. At SNL, program management
involves formulating specific near- and long-term plans,
placing the industrial development contracts, monitor-
ing and guiding progress, solving programmatic issues,
and coordinating reporting. Under technology evalua-
tion, contract deliverables are tested primarily at SNL to
determine performance, lifetime, and failure mechan-
isms. These data are reported to the developers for use
in optimizing designs and resolving problems. Applied
research is performed in certain projects in which SNL
has specific technical expertise to address critical
problems facing a technology. This applied work is
closely coordinated with the prime industrial contractor.

A separate testing project enhances and maintains
the SNL battery evaluation facilities. Specialized
hardware and software are developed to support unique
test capabilities and needs. In addition, this project
directs field test work for nickel/hydrogen batteries no
longer being developed by SNL and ensures that ap-
propriate technology transfer is completed.

For continuity, this report is organized by projecl,
with one chapter devoted to each. Specific topics
covered in Chapters 2 through 6 include

2. Utility Battery Systems Analyses

3. Battery Systems Engineering

● AC Battery Development
Engineering (OPE)

● Technology Development
Battery (GNB)

● Applied Research at SNL

4. Zinc/Bromine Project

by Omnion Power

by GNB Industrial

“ Technology Development by Johnson Controls
Battery Group, Inc. (JCBGI)

“ Technology Evaluation at SNL
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● Applied Research at SNL

5. Sodium/Sulfur Project

● Technology Development by Beta Power, Inc.
(BP1)

● Technology Evaluation at SNL

6. Supplemental Evaluations and Field Tests

A summary of the FY92 highlights follows,

Highlights

Utility Battery Systems Analyses

Four systems studies were started in late FY91 to
identify alt possible benefits of battery energy storage in
specific utility applications. Utility partners were
selected based on primary considerations of ownership
and operating conditions to include a broad diversity of
candidate utilities. The four utilities selected were San
Diego Gas & Electric (SDG&E), Oglethorpe Power
Corporation (OPC), Chugach Electric Association
(CEA), and Bonneville Power Authority (BPA).

SDG&E represented a large, investor-owned utility.
OPC represented a large, electric member cooperative,
serving a large rural area. CEA also represented a
cooperative structure, but a smaller service area inter-
connected to a relatively small power pool in Alaska.
BPA represented a large, non-investor-owned, public
power marketing utility. BPA’s study area was restrict-
ed to study battery applications only in the Puget Sound
area. All these utilities had an interest in or a strong
potential for battery energy storage application, and all
except BPA shared the cost of the study with direct and
in-kind contribution.

The methodology adapted was generally the same
for each utility, but the study details were different for
each utility due to differences in internal planning and
operating procedures and financial structure. The
studies were originally intended to last no more than
three months each, but the period extended well beyond
this timetable, not due to the time required for the
analysis itself, but due to the time required to acquire
utility planning data and review interim and final study
findings.

Applications were identified for each utility, with
benefit-to-cost ratios ranging from less than one to
greater than two. Unit recommitment and spinning
reserve were the two most cost-effective applications on

the generation side, even for utilities with relatively flat
marginal costs. In the transmission and distribution
cases, battery energy storage could potentially defer
new distribution lines and transformer upgrades.
Benefits for this application were greater if the line
traversed difficult terrain or went through expensive
urban areas. Generation capacity credits were not sig-
nificant unless the battery was sized for discharges of 6
hr or more, which increased the installed cost of the
battery beyond the break-even point. This supported
prior prevailing assumptions that smaller sized batteries
were the most cost-effective. In the case where sen-
sitivity studies were performed, service life and salvage
value had minor effects on the benefit-to-cost ratios.

These studies were screening-level studies and did
not include detailed simulations of the impact of battety
storage over the entire study period. Instead, the studies
relied on a snap-shot approach of examining the effect
of incorporating a battery in a few representative days
from three or four selected years. Further, the mutual
exclusivity of the benefits was not considered. These
details were recommended for the next phase, which
would be a feasibility study for battery energy storage.
Two of the four utilities have indicated an interest in
performing the feasibility studies that will include these
needed refinements to accurately quantify the economic
value of battery energy storage benefits. These feasi-
bility studies would also include the conceptual design
and cost estimate of the complete battery energy storage
system for specific sites selected by the utility.

Battery Systems Engineering

AC Battery Development - Omnion

The AC Battery is a patented, modular battery sys-
tem design concept that splits the battery into small
groups, with each group containing its own power con-
version electronics, factory-packaged as “modules.”
Several modules are packed in a truckable “container,”
and their power is aggregated to obtain the rated output
of the container. One of the key advantages that the AC
Battery concept offers is that it shifts the large on-site
labor component to the factory floor, where tight quality
controls can be maintained and cost savings realized by
the repetitious manufacture of similar components.

Since initiation of the development of the AC Bat-
tery in December 1991, the implementation of this in-
tegrated system has evolved substantially. As develop-
ment proceeded from the initial concept toward realiza-
tion in hardware, the product took a refined form, incor-
porating new techniques for power conversion, heat
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transfer, and packaging. This report highlights the
progress made on the AC Battery contract.

● Resizing of the container for easier transporta-
tion, installation, and thermal management.

● Reconfiguration of the modules for higher dc
voltage, higher energy density, and reduced
power conversion subsystem (PCS) cost.

“ Skewing of the module outputs for lower distor-
tion and higher power conversion efficiency.

“ A new transformer design that replaces the
reactors in the PCS while delivering a 4SO-
VAC output.

● A battery thermal test that has led to a dual
circuit heating, ventilating, and air condition-
ing (HVAC) system tailored to the differing
needs of the PCS power train and the batteries.

“ Software control of the PCS using FPGAs
(Field Programmable Gate Arrays) to replace
numerous discrete logic devices.

● Centralized high-level control providing
greater system flexibility while minimizing the
cost and complexity of the PCS.

Technology Development - GNB

The initial efforts in this contract have focused on
implementing manufacturing process techniques that
can have a significant effect in the improvement of
valve-regulated lead-acid (VRLA) battery system
reliability. These have included an improved
electrolyte-filling technique, an improved jar-to-cover
heat-sealing process, and an improved leak detection
method, all of which are meant to reduce the possibility
for electrolyte leakage from the cell and the potential for
development of electrical ground faults that can impact
both battery performance and personnel safety. The im-
provements resulting from the implementation of these
processes are reported herein. Work has also begun on
a full characterization and demonstration of the pressure
relief valve system, a critical element of any VRLA
battery design to ensure performance and design life of
the battery.

Prototype cells incorporating design modifications
to increase the energy density and specific energy of the
current ABSOLYTE VRLA cells have been fabricated,
and preliminary discharge testing is confirming a 12 to
17% improvement at the discharge rates typically used
for utility battery energy storage systems. Initial ex-
perimental builds of an advanced lead-acid battery with
exceptional high-rate discharge capabilities have not

met design expectations, however, and modifications to
this cell’s grid and active materials are planned to bring
performance up to expected levels.

Experimental plans have been prepared to research
radical modifications in cell design and electro-
chemistry, including the use of copper-cored negative
grids, positive active material pastes with additives and
binders to increase material utilization, positive grid
alloys with improved corrosion and “growth” resis-
tance, and electrolyte immobilization/separator systems
to reduce the cost of the principal item in VRLA cells
that cause them to be more expensive than their flooded
electrolyte counterparts. Manufacturing processes that
can be upgraded to improve throughput and product
reliability have been identified and alternative process-
ing techniques are being reviewed and evaluated.

The battery improvement tasks are supplemented by
other tasks that require the conceptual design of battery
systems for specific utility applications and the
economic analysis of existing designs over improved
and advanced battery designs. These tasks require the
involvement of “host” utilities to provide the design
input and the parameters for the economic analysis.
These tasks are being performed by Pacific Gas &
Electric (PG&E) and Puerto Rico Electric Power
Authority (PREPA), the two utilities on the GNB team.
Each utility has identified specific battery energy
storage applications in its network and is using these
applications as representative cases for the GNB con-
tract. The host utility input and the related design and
economic study effort are being coordinated by the Uni-
versity of Missouri at Rolls (UMR).

Applied Research - SNL

This effort supports the vent valve reliability im-
provements in Task 1 of the GNB contract. SNL ap
plied research is attempting to find suitable surface
treatments that will overcome the valve sticking prob-
lem observed in the valves used for venting GNB bat-
teries. Two types of surface treatments have been ap-
plied to sample plugs and returned to GNB for environ-
mental testing. These surface treatments include a plas-
ma process which creates a chemically resistive coating
and crosslinks the surface of the rubber plug, thus in-
creasing its modulus. The second process uses an e-
beam to crosslink the rubber surface.

Results of the environmental testing of the samples
at GNB will indicate a preferred process or may require
investigation of additional research to find a suitable
coating or surface treatment.
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Zinc/Bromine Project

Technology Development - JCBGI

JCBGI is in the second year of a cost-shared con-
tract to fabricate, evaluate, and optimize a zinc/bromine
battery system suitable for electric utility applications.
In early FY92, Phase 1, which demonstrated the feasi-
bilityy of the existing zinc/bromine technology, was com-
pleted. This included building and testing several
1-kWh batteries that demonstrated energy efficiencies
of >75% with <1O% capacity loss in 100 cycles. Many
of these batteries cycled between 250 and 350 cycles
before failure. In addition, a 15-kWh battery was built
and tested to 200 cycles before it was damaged during a
power failure. Safety and cost analysis studies were
initiated. These data together showed that zinc/bromine
could be built at low cost, have potentially long
Iifetimes, be recycled, and still offer 2-3 times the
specific power of lead-acid batteries.

Once feasibility was demonstrated in Phase 1, the
majority of effort in Phase 2 has been to optimize the
components of the battery system and to design a new
battery stack that is large enough to form building
blocks for a modular system that could be used for a
variety of utility applications. Work has been done to
improve the performance and manufacturability of the
carbon plastic electrodes, the active carbon layer,
separator materials, and terminal electrode materials.
The design of a new cell stack has been essentially
completed. Modeling techniques including computer-
aided engineering design system (CAEDS) and a
JCBGI-proprietary FORTRAN performance model
have been used extensively in this design process.
Finite element analysis has also been used to predict the
end block stress and model potential flow of the
electrolyte in the cell. There is confidence in this new
design since these models have been used to validate the
existing design.

Technology Evaluation - SNL

An 8-cell, 1-kWh zinc/bromine battery from the
utility battery development contract with JCBGI was
tested during FY92. Improved welding techniques were
incorporated in this battery to prevent leaks. A total of
273 charge/discharge cycles (26 cycles at JCBGI and
247 cycles at SNL) was completed on the battery. A
drop in coulombic and energy efficiency was observed
immediately after 15 no-strip cycles were completed.
Prior to that time, the battery performed welt and ex-
perienced absolutely no leaks in the stack or in any of
the auxiliary components.

A 15-kWh battery, consisting of two 50-cell stacks
assembled in a parallel configuration, was fabricated by
JCBGI as the next deliverable for the utility develop-
ment contract. Twenty charge/discharge cycles, includ-
ing several no-strip cycles, were performed at JCBGI.
A total of 180 no-strip and baseline cycles was per-
formed at SNL with only a slight downward trend in
efficiency. During cycle 201, a lightning storm caused
a temporary power outage that ultimately led to the
failure of the battery. The projected life of this battery
was approximately 300 cycles.

Applied Reeearch - SNL

A durability study of electrode materials was com-
pleted. The six-month study examined the effects of
electrolyte on glass-filled carbon plastic electrodes
made of high density polyethylene (HDPE), and ac-
celerated aging was carried out at temperatures up to
60”C. Results from this study show that electrode
material with higher polymer content sorbs greater
amounts of electrolyte. Higher glass content may in-
crease dimensional stability (length and width). The
electrode materials did not show evidence of chemi=l
attack by the electrolyte, nor was the crystallinity of the
polymer affected. The mechanical properties of the
electrode materials decreased slightly due to sorption of
electrolyte, and the electrical conductivity increased
upon exposure to the electrolyte.

A project to reformulate the electrolyte was re-
quested by JCBGI and is being carried out in collabora-
tion with JCBGI personnel. The objective is to develop
completing agents that will allow further improvement
in performance and safety. A conlracl has been placed
with the University of New Mexico to synthesize can-
didate compldxing agents. The compounds will be
evaluated for bromine complexation and for electro-
chemical performance, and measurements of bromine
vapor pressure will be made.

Sodium/Sulfur Project

Technology Development - BPI

During lW92, the majority of the activity focused
on the following: 1) identification of UES applications
and markets that are attractive for the sodium/sulfur
technology, 2) design of a lJES cell and battery,
3) development of the central sulfur (c/S) UES cell and
selected battery components, and 4) fabrication and ini-
tial qualification of the UES cell.
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The motivation for developing a c/S cell design is
the promise for significantly greater calendar life com-
pared with state-of-the-art electric-vehicle (EV) cells
because the potential for corrosion of the cell container
is effectively eliminated. Based on test results obtained
by Silent Power Limited (SPL), c/S cells appear to offer
a 75% improvement in characteristic life over standard,
central-sodium cells. Many of the SPL c/S cells con-
tinue to cycle beyond eight calendar years. The cell
development ongoing in this program is utilizing im-
proved component technology and is being coupled with
a well-conceived battery thermal design.

Of importance, cell design criteria are different for
UES applications than those for electric vehicles.
While both mandate safety first, the UES application
must emphasize cost over weight- or volume-based per-
formance. In stationary applications, lead-acid battery
systems and other non-battery storage technologies are
the competition. Therefore, sufficient benefit must
exist relative to the advanced battery to justify the capi-
tal cost required to introduce a replacement technology
into the market place. The most sensitive influence on
the true cost measure, life-cycle cost, is the service life
of the battery. This determines how many battery re-
placements will be required to maintain the power
capability over the stated life of the equipment. Battery
service life is intricately tied to three factors: the
reliability characteristics of the cell, how cells are con-
nected electrically to form the battery, and, lastly, the
methodology by which celts are controlled within the
battery. Each of these factors is being addressed in this
project.

Relative to the battery system, a preliminary design
of a battery module was completed. This module has an
energy capacity of 75-k Wh at 125 VDC and constitutes
the basic building block of an integrated battery storage
system. These modules have been given the designation
NAS-P,C, for sodium/sulfur-at power. Similar to an EV
battery, each module is autonomous and represents the
smallest replaceable energy unit within the battery sys-
tem. Local control over the thermal environment and the
critical electrical control functions is provided. Eight of
these NAS-PaC modules are used with a power-conver-
sion system to form an integrated battery system. l%e
modules are arranged in a 4-series x 2-parallel con-
figuration to provide 500 VDC and fit within a 7.5-ft-
high x 7-ft-wide envelope set by the preferred power
conversion system and the desire to transport the system
via standard truck or seabox. These portable power
units fit into the concept of distributed generation. In
this respect, the use of advanced batteries (e.g.,

sodium/sulfur) is a definite benefit, requiring only 20%
of the volume and weight of an equivalent lead-acid
battery system. These same benefits accrue to the user
in that the same energy storage can be accomplished in
1/5 the footprint. System-level specifications are 300
kW, three-phase 480 VAC. The battery is rated for a
2-hr operation (i.e., 600 kWh).

Based on a preliminary assessment of the c/S UES
cell reliability, the module cycle life is expected to be
1500 cycles, or five years, depending on utilization.
The module design is such that it can continue to operate
with up to 3890 of the cell strings failed. As part of a “no
maintenance” battery philosophy, interstitial latent heat
storage within the module and a standard, non-
evacuated thermal enclosure are employed as passive
methods to limit cell temperature rise. l%ese features
decrease the cost of the battery but also cause higher
heat loss (12 W/kWh) compared with an EV-type
evacuated enclosure. The actual impact on system ef-
ficiency, however, will depend on the application. For
example, to satisfy the twin peak diurnal cycles of
electrified rail transit applications, the make-up heat
amounts to 6 to 8~0 of the stored electrical energy. This
loss could be halved by using the more expensive evacu-
ated insulation system.

Technology Evaluation - SNL

An 8-V, 40-cell XPB sodium/sulfur module was
life-cycle tested during FY92. A total of 168 charge/
discharge cycles was completed on the module. Cells
from four strings failed or were close to failure when the
module was removed from test. The capacity of the
module at 100% DOD had declined from an initial 305
Ah to 190 Ah, a loss of 38%. The relative rapid
decrease in capacity of this module is not consistent
with the behavior observed in earlier 40-cell modules
tested at SPL. However, this behavior was indicative of
the inconsistent performance of the entire XPB cell
population tested at SPL (e.g., the single cells and the
200-cell battery). A second 40-cell XPB module is
presently being tested using the stationary energy
storage (SES) test profile.

Two new XPB cells were placed on test in May.
Break-in and baseline capacity tests were completed,
and a test plan was developed to characterize the cells.
A series of cycles was performed to characterize
capacity loss with increasing charge and discharge rates
and the effect of sustained power on cell energy content.
These cells are presently performing SES life-cycle tests
using the SES test profile.
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Supplemental Evaluations and Field
Tests

SNL Teat Facilities

In preparation for upcoming evaluations of utility
battery performance at SNL, improvements to the
facilities have been in progress. This activity has in-
cluded procurement of four large power supplies, three
load units, a computer, and a stand-alone tester.

Nickel/Hydrogen Field Tests

During FY92, a much-reduced effort was continued
with JCBGI to provide technical support for two 2-kWh
common pressure vessel (CPV) nickel/hydrogen bat-
teries on test at the Florida Solar Energy Center (FSEC).
In addition, JCBGI continued to evaluate the 7-kWh
module, which was previously on test at SNL.

Three out of four CPVS used to contain the 2-kWh
nickel/hydrogen batteries experienced small leaks.
These leaks were identified at the adhesive-bonded end

domes. The delivered capacities of these batteries were
well above the rated value of 160 Ah.

A series of discharge and charge rate tests was
completed on the 7-kWh battery at JCBGI. The battery
capacity remained quite stable over the discharge rate
range, varying from 190 to 195 Ah for the C/4 to C/20
rates. Even the highest rate tested, C/3, delivered over
183 Ah, well above the 160 Ah rating. The capacities
were equally as stable over the charge range of C/s to
c/20.

Other SNL Activities

Chapters on sodium/sulfur and zinc/bromine battery
technologies prepared in collaboration with personnel at
SPL, JCBGI, and Exxon Research and Engineering
Company were written for publication in the second
edition of the McGraw-Hill Handbook of Batteries and
Fuel Cells. The first edition of this handbook was pub-
lished in 1984; thus, the chapters for the second edition
represent a significantly updated source of information
on zinc/ bromine and sodium/sulfur technologies.
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2. Utility Battery Systems Analyses

Background

For several years, battery energy storage has pre-
dominantly been considered a load-leveling and peak-
shaving resource, and its potential use in other utility
applications has been largely overlooked. The fast-
response capability of battery energy storage systems
combined with other characteristics, such as modularity
and ease of siting, makes this technology eminently
suitable for providing support to the entire utility net-
work for several applications such as spinning reserve,
frequency control, and deferral of transmission and dis-
tribution facilities. Until now, the benefits and
economic value of battery energy storage only for load
leveling and/or peak-shaving have been well under-
stood. But the application of battery storage and the
methodology to evaluate its benefits in the other, non-
load-leveling applications has not been as well docu-
mented. The Electric Power Research Instilute (EPRI)
estimated a range of benefits for these applications from
general utility information. More specific benefit infor-
mation derived from utility planning scenarios and
operating conditions is necessary to demonstrate the
feasibility of this technology for a wide range of utility
applications. The widespread application of this tech-
nology by the utility industry is predicated on the
availability of this information base.

Thus, the objective of the SNL effort was to under-
take a set of studies that would identify numerous ap-
plications for batteries and estimate their value in the
utility network. There were two possible approaches
that could be adopted for performing studies to achieve
these objectives:

examine the needs of utilities on a regional
basis to identify all possible applications in
which battery energy storage can play a role
and estimate the value

examine specific utility networks and identify
potential battery energy storage applications
within each network and estimate the related
benefits.

The results from each approach would have dif-
ferent meanings and would be interpreted accordingly.
A study performed on the basis of the first approach
would yield estimates of the value of battery energy

storage at the regional level, based not on the require-
ments of a particular utility, but on collective, regional
conditions derived from general assumptions.

The second approach would be more focused, and
identify real applications and estimate the value of the
battery system based on utility-specific conditions and
assumptions. The results of a study based on this ap-
proach would be immediately applicable to the host
utility, while preserving the possibility that they are also
applicable to other utilities with similar operating con-
ditions. The results obtained from the second approach
were deemed to be more valuable for the DOE/SNL
UBS program and the utility community as a whole, and
it was decided to structure the systems studies along
those tines.

Utility Selection and Study
Guidelines

Utilities with a diverse ownership structure and
operating conditions were selected to gain insight into
their process for evaluating and implementing technol-
ogy options such as battery energy storage. The utilities
that were finally selected included:

“ Investor-owned utility - San Diego Gas &
Electric (SDG&E)

● Rural electric cooperative - Oglethorpe Power
Corporation (OPC)

● Municipal electric association - Chugach
Electric Association (CEA)

● Public power administration - Bonneville
Power Administration (BPA)

Figure 2-1 shows the utility locations.

Each of the four utilities either had an active interest
in battery energy storage or had a strong potential for
benefiting from its use. Cost-sharing was required from
all utilities except BPA. SNL’S share of the cost for
each study and an approximate cost share from the
utilities is shown in Table 2-1. This table also shows the
start dates of each study.

The study period was initially limited to no more
than 3 mo. It was felt that a longer duration could lead
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Table 2-1. Utility-Specific Systems Studies

Utility Sandia Contract Utility Cost Share Start Date End Date

San Diego Gas & Electric $46K Yes 8/91 12/92
Ogiethorpe Power Corp. $47K Yes 7/91 11/91
Chugach Electric (Alaska) $43K Yes 9/91 1/92
Bonneville Power $70K No 2./91 11/91

Administration

to a lengthy, iterative refinement process with ever-
changing input assumptions and planning scenarios in
an attempt to obtain better and more accurate results,
whereas the 3-mo time limit established a firm deadline
and forced the use of only one set of assumptions and
deferred refinement of results to future studies. In prac-
tice, the studies extended beyond this planned 3-mo
duration. This delay was not caused by the length of
time required for the analysis, but by delays in obtaining
input information and feedback from utilities as the
studies progressed.

The findings of each study are summarized in the
following subsections.

Chugach Electric Association

This section describes the results of a screening
study to determine the benefits of adding megawatt-
scale battery energy storage to the CEA system. Gener-
ation, transmission, and distribution benefits of storage,
with a primary focus on benefits that are typically dif-
ficult to quantify, are addressed. The potential benefits
to the costs of adding battery storage are also compared.

The CEA analysis was primarily performed by
Decision Focus, Inc., with support from Power Tech-
nologies, Inc., in the areas of transmission and distrib-
utionbenefits.

Findings

Generation Beneftis

Generation benefits were calculated for six repre-
sentative days in each of 1994, 1996, and 2000.
Projected system operation was based on MAINPLAN
(utility system computer simulation) runs. The benefits
were calculated for five gas-fired combustion turbine
units whose operation is most likely to be affected by the

addition of batteries to the system. The focus was on
using batteries to provide spinning reserve.

Load-Leveling

Because the marginal units on the CEA system are
typically gas-fired combustion turbines for all hours, the
system marginal energy costs do nol differ much be-
tween on-peak and off-peak hours. Coupled with the
assumed battery efficiency of around 80%, this means
that no load-leveling savings could be achieved on the
CEA system.

Dynamic Operating

For each of the 18 days, the potential reduction in
load following, minimum loading, and start-up costs
were calculated for each of the five generation units;
reductions in these costs are achievable even though the
battery is used only to provide spinning reseme. The
most cost-effective unit for recommitment was iden-
tified on each day. A value of $40 to $70/kW-yr of
battery capacity, levelized in current dollars, appears
appropriate for dynamic operating benefits; this es-
timate was derived by calculating change from the
MAINPLAN results that would be made possible by the
addition of battery capacity. Of this total, more than
two-thirds is from reduced minimum loading costs, and
the remainder is from reduced load following costs.

Reduced Load Shedding

Addition of battery storage to the CEA system
would be effective in reducing load shedding. The
amount of the reduction would depend on the size of the
battery. An approximate calculation indicates that the
value of the reduced load shedding could be $8 to
$16/kW of battery capacity per year.

Transmission and Distribution Beneftis

Current CEA transmission and distribution (T&D)
facility expansion plans were reviewed to identify T&D
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investments that might be avoided or deferred as a result
of adding battery storage to the CEA system. Several
such investments were identified. The most attractive
opportunities are at the Huffman, Hillside, and
Girdwood substations and at the village of Hope. Based
on a qualitative review of these investments and com-
parison with more detailed analyses for other utilities,
potential T&D benefits of $20 to $200/kW of battery
capacity appear reasonable. This is equivalent to a T&D
benefit of $3 to $27/kW of battery capacity per year.

Cost/Benefit Analysis

Table 2-2 summarizes the findings. Summing the
capacity (value of displacing other capacity additions),
generation, reduced load shedding, and T&D benefits
yields levelized current-dollar savings of $81 to
$183/kW-yr, compared to a levelized current-dollar cost
of $50 to $60/kW-yr. Note: For the purposes of this
study, the cost estimates used are from EPRI’s Techni-
cal Assessment Guide (TAG, 1989). The total cost is
$703/kW for a 3-hr battery, including land cost. Reduc-
ing the storage component in the TAG cost estimates for
a 3-hr battery by two-thirds yields an estimated cost of
$350/kW for a 1-hr battery. With a levelized fixed
charge rate of 13.7%, this is equivalent to $50 to
$60/k W-yr for a 1-hr battery. ‘I%esevalues suggest that
batteries would be a cost-effective addition to the CEA
system.

Some benefits may be mutually exclusive. The in-
teractions between the various benefits, that is, whether
they are additive or mutually exclusive, depends on
storage size, location, sys[em load profiles, and load
profiles at individual substations and on individual T&D
lines, how the system (including the battery) is operatwi,
and on any equipment deferred as a resuIt of adding
batteries.

Recommendations

Based on the results of this screening-level study, it
is recommended that CEA consider the addition of bat-
tery storage to its system. This screening study focused
only on the benefits of battery storage and it was not
intended to calculate the cost of the battery system that
would provide these potential benefits. A follow-on
feasibility study that would provide a preliminary cost
estimate of the battery system and include a detailed
study to verify and refine the findings of this initial
screening study by calculating the benefits more
precisely is recommended. Such a study should include
the following aspects:

● T&D expansion studies should be carried out,
with and without batteries. Potential sites for
installing batteries should be identified. Inter-
actions among the various benefits should be
considered to ensure that batteries are not being
justified on the basis of benefits that may be
mutually exclusive.

“ More detailed calculation of generation-
dynamic operating costs and benefits should be
carried out, including examination of multiple
weeks of system operation during each of a
larger number of years than was considered
here. Such calculation should fully account for
changes in system operation as load grows and
should identify all possible operation savings,
not only those that arise when a unit is com-
pletely decommitted.

● Comparative evaluation of the economics of
battery storage with other capacity additions
under consideration by CEA should be carried
out. Such detailed study would also allow a
betterassessmentof the“optimum”batterysize
andthe best time for adding the battery plant to
the CEA system.

Table 2-2. Benefits Summary for CEA System

Category Annual Benefit ($/kW-yr)

● Capacity 30-70

“ Generation 40-70
Dynamic Operating (Spinning
Reserve/Unit recommitment)

● Reduced Load-Shedding 8-16
“ T&D 3-27

TOTAL 81-183
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● Identify a preferred site for locating the battery
based on the findings above. Based on these
findings, develop the conceptual design of the
battery system and estimate its cost. Perform a
cost/benefit evaluation based on the total
benefits and battery system cost.

These recommendations were provided to CEA at
the conclusion of this study.

San Diego Gas and Electric

This section describes the results of a screening
study to determine the benefits of adding megawatt-
scale battery storage to the SDG&E system. Genera-
tion, transmission, and distribution benefits of storage,
with a primary focus on benefits that are typically dif-
ficult to quantify, are addressed. The potential benefits
to the costs of adding battery storage are also compared.

The SDG&E analysis was primarily performed by
Decision Focus, Inc., with support from Power Tech-
nologies, Inc., in the areas of transmission and distrib-
utionbenefits.

Findings

Generation Benefits

Generation benefits were calculated for eight days
during 1990 and 1991, one week day and one weekend
day for each season, using actual SDG&E data. The
benefits were calculated for five gas-fired steam turbine
units whose operation is most likely to be affected by the
addition of batteries to the system. Two modes of bat-
tery operation were considered: daily charge/discharge
with a 3-hr battery, and provision of spinning reserve
only with a 1-hr battery. The spinning reserve mode
appears to be more cost effective.

Load-Leveling

Because the marginal units on the SDG&E system
are typically gas-fired steam turbines for all hours, the
system marginal energy costs do not differ much be-
tween on-peak and off-peak hours. With the assumed
battery efficiency of 80%, this means that no load-level-
ing savings could be achieved on the SDG&E system.

Dynamic Operating

For each of the eight days, the potential reduction in
load following, minimum loading, startup, and spinning
reserve costs was calculated for each of the five units.
The most cost-effective unit for recommitment was
identified on each day. For the 1990-1991 period, the
savings were about $23 to $26/kW-yr of battery
capacity; the biggest amponent of the savings is from
reductions in load-following costs. That is, each
kilowatt of battery capacity would reduce annual system
operating costs $23 to $26. Accounting for inflation
and increases in natural gas prices, this is equivalent to
an annual savings of about $50, levelized in current
dollars, per kW/yr. The savings are likely to increase in
the future as load growth forces increasing utilization of
less economic units.

Environmental

Storage in general, and batteries in particular, has
the potential to shift the type and location of emissions
of NOX, SOX, and C02; NOX is of greatest concern in
Southern California. Even if providing only spinning
reserve, batteries have the potential to reduce NOXemis-
sions by allowing the system to be operated more effi-
ciently. The addition of batteries 10 the sysLem might
also make it unnecessary to retrofit expensive pollution
controls to an existing gas-fired unit, if that unit’s opera-
tion would be sharply reduced as a result of adding
batteries. These benefits could be worth up to about
$20/kW of battery capacity per year.

Transmission and Distribution Benefiis

This project identified the potential role battery
storage could play in providing equal or better perfor-
mance than other T&D options, such as adding new
T&D facilities and equipment. Current SDG&E T&D
facility expansion study results and lransm ission and
distribution system design practices were reviewed with
SDG&E personnel to identify anticipated and potential-
ly needed transmission additions.

The findings of this initial study indicate that
strategically installing battery storage on the SDG&E
system may result in large T&D system benefits up to
$1200/kW, equivalent to as much as $200/kW of battery
capacity per year. The actual magnitude of the site
specific T&D benefits and corresponding battery

2. UTILITY BAITERYSYSTEMS ANALKSES 2-5



storage requirements should be determined on a case-
by-case basis from more detailed analysis. Further
analysis should include the development of load profiles
for substations that are candidate battery sites so that the
number of hours of storage required for equipment
deferral can be determined.

Cost/Benefit Analysis

Table 2-3 summarizes the findings. Summing the
capacity, generation, environmental, and T&D benefits
yields levelized current-dollar savings of $100 to
$370/kW-yr, compared to a levelized current-dollar cost
of $6o to $130/kW-yr. These values suggest that bat-
teries would be a cost-effective addition to the SDG&E
system.

Some benefits may be mutually exclusive. The in-
teractions between the various benefits, that is, whether
they are additive or mutually exclusive, depends on
storage size, location, system load shapes, and load
shapes at individual substations and on individual T&D
lines, how the system (including the battery) is operated,
and on any equipment deferred as a result of adding
batteries.

Recommendations

Based on the results of this screening-level study, it
is recommended that SDG&E consider the addition of
battery storage to its system. A detailed study to verify
the findings of this initial screening study and to calcu-
late the benefits more precisely is recommended. Such

a study should include the following aspects:

● More detailed calculations of generation-dy-
namic operating costs and benefits should be
carried out, including examination of multiple
weeks of system operation during the course of
the year and consideration of how system

9

●

operation, and especially the operation of mar-
ginal units, is likely to change in the future.

Detailed T&D expansion studies should be car-
ried out, with and without batteries. Potential
sites for installing batteries should be iden-
tified. Interactions among the various benefits
should be considered to ensure that batteries are
not being justified on the basis of benefits that
may be mutually exclusive.

Comparative evaluation of the economics of
batte-~ storage with other capacity additions
under consideration by SDG&E should be car-
ried out.

Such detailed study would also allow a better as-
sessment of the “optimum” battery size and the best time
for adding the battery plant to the SDG&E system.

Oglethorpe Power Corporation

lle methodology for the OPC study consisted of
evaluating and quantifying the reasonable benefits at-
tainable from the battery storage application and com-
paring the total benefits against the cost of the battery
storage system. Several benefits and the particular
characteristics of OPC system were reviewed and
analyzed including:

●

●

●

●

●

●

Load profile with and without direct load con-
trol,

Future generation expansion plan,

Role of pumped hydro storage and its impact on
load leveling,

Cost of purchased power and energy,

Future transmission projects,

Future distribution projects,

Table 2-3. Benefits Summary for SDG&E System

Category Annual Benefit ($/kW-yr)

● Capacity 40-75
● Generation

Load-Leveling o
Dynamic Operating 50-75

“ T&D 10-200
● Environmental 1-20

TOTAL 100-370
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● Radial transmission lines/substations,

● Need for backup power source.

Five specific substation locations within the OPC
system for battery storage to defer T&D projects were
selected for this study: Habersham (H), Egypt (E),
Satilta (S), Vidalia (V), Warrenton (W). The battery
sizes used for these five locations arc shown in Table
2-4.

The results of a benefit-to-cost comparison are
presented in Figure 2-2. The methodology used for
benefit-to-cost comparison is essentially based on cal-
culating the present worth of all the annual cost savings/
benefits accruing due to the battery and the annual cost
of owning and operating the corresponding battery
plant.

Only four major benefits due to battery storage are
included in these benefits-to-cost ratios. They are:

“ Generation capacity,

“ Transmission deferment,

● Distribution deferment,

● Value of service or cost of outage.

The battery storage identified in this study is mostly
in the form of a backup or reserve source. It is not used
in the general sense of load leveling. A generation
capacity (kW) credit based on a 10-hr discharge rating
is applicable. This battery kW (based on 10-hr dis-
charge rating) is essentially a generation reserve source.
A 10-hr discharge rating is used so that even if this
reserve is called upon during the annual peak load con-
dition, the battery will be able to provide [he power
(kW) equal to the credit it has received for the longest
peak load period of 10 hr. Thus, for example, a 1O-MW,
1-hr battery is given a credit of 1 MW. The cost of the
battery credit is based on the least expensive generation
alternative, which is a combustion turbine. lle annual
cost savings from avoiding the investment in this
generation is credited to the battery.

The transmission credit is computed on the basis of
the cost of deferring T&D projects. The actual capital
cost expenditure is considered to be postponed by a
number of years. The annual cost savings due to the
postponement is credited to the battery benefits. The
distribution benefits are also calculated similarly.

The fourth and last benefit computed in this study is
the value of service or cost of outages. The interruption
cost, or value of service (VOS) data, is considered to be

Table 24. Selected Battery Sizes

OPC Substation Locations (designated by letter code)

H E s v w

MWh 7.5 26.0 9.0 217.0 218.0

MW 1.5 6.5 1.5 31.0 43.6

hr 5 4 6 7 5

BATIERY LOCATIONS

Figure 2-2. Comparison of Benefits to Cost for 5 Battery Locations
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suitable to relate the worth of service reliability to the
cost of service. The VOS or outage costs depend upon
type of load, frequency and duration of interruption, and
timing of the interruption. However, some of these
costs have a wide range, The cost range for l-hr inter-
ruption has been reported in the literature.

The actual cost or VOS used in this study is shown
in Table 2-5. For each of the five types of battery ap-
plications analyzed in this study, it is assumed that the
total amount of energy not served or kWh interrupted
per year is equal to the total battery kWh rating. This
means that, on the average, the sum of energy supplied
to the customers by the battery during the interruptions
over a period of 1 yr is equal to its total energy rating.

After computing benefits, the battery storage sys-
tem costs were calculated. For the battery alone, a dif-
ferent life is used than for the entire batte~ storage
plant. The operating and maintenance (O&M) cost used
is 0.25% of the capital cost. Amortizing the capital cost
is Ievelized over the plant life. The salvage value of the
battery is included in computing the levelized annual
cost. The replacement cost of battery cells is included
as needed. The converter and BOP are assumed to have
a 30-yr life and no salvage value.

The benefit-to-cost ratio for batteries application at
five different locations for T&D deferment was com-
puted. The percentage benefit of the four items is
shown in Figure 2-3.

● Backup source (considering cost of outage,
VOS, or value of unsemed energy) credit was
the most significant benefit from battery
storage. In terms of customer loads on the
OPC/electnc membership corporation (EMC)
system, the poultry industry loads are con-
sidered to suffer high damage when service
interruption occurs. Hence, some of these egg
hatcheries and chicken farms currently provide,
or plan to install, backup diesel generation.
Application of a 7,500 kWh, 5-hr discharge
rating battery at Hollywood substation showd
a benefit-to-cost ratio of 1.5. This was one of
the highest benefit-to-cost ratios obtained in
this study.

● Whenever there is an outage on a radial line, an
interruption of service occurs. If the line is in-
accessible or has difficult terrain, repair of the
line may be difficult and the corresponding out-
age may be lengthy. One such example

Table 2-5. VOS or Outage Cost for I-hr Interruption

$/kWh Not Served

Low High

Residential 0.05 5.00

Industrial 2.00 53.00

Commercial 2,00 35.00

Poultry and Eggs 0.12 5.68

Figure 2-3.

BATIERY LOCATIONS

[- GEN - TRANSMN - OISTRBTN ~ BACKUP
1

Percent of Benefits for 5 Battery Locations
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selected for this study was application of a bat-
tery for backup instead of building a second
transmission line. The benefit-to-cost ratio is
1.26 for this case. This substation isanattrac-
tive location (out of the five analyzed) for the
battery and deferment of a second transmission
line.

A third substation was selected for evaluating
the deferment of a new distribution trans-
former. The benefit-to-cost ratio turned out to
be 0.62. The generation capacity credit was the
largest, followed by the backup source credit
with distribution credit being the least. No
transmission deferment was used in this ex-
ample. A higher backup source credit in lieu of
new transmission line credit may be warranted
here. The VOS has to be $8.00/kWh for break-
even of benefit-to-cost ratio as compared to
$2.61/kWh (used in the base case for the ratio
of 0.62).

Deferment of an additional 140 MVA, 220/1 15
kV transformer at two substations was evalu-
ated. The benefit-to-cost ratios were 0.57 and
0.54 respectively. Because of parallel 230-kV
and 115-kV lines contained by these substa-
tions, oversize battery storage capacity was
needed to provide a given load reduction on the
existing transformers. Hence, the battery and
its cost would be about twice the required 10
reduce load on a radially connected transformer
in which case the benefit-to-cost would be near-
ly break-even.

addition to base cases, several sensitivity
analyses were performed for the highest benefit-to-cost
application. The sensitivity analysis included changing
the following parameters, one at a time:

● Battery cost,

● Converter and balance of plant (BOP) cost,

● Battery life,

● Salvage value,

● Value of seNice/cost of outages,

● Extended distribution benefits.

In the first case, the battery’s cost can be 60%
higher than the base case, for the value of benefits to
equal the cost of battery storage. In the second case, the
PCS and BOP cost was doubled, and this reduced the
balance-to-cost rat io from 1.49 to 1.27. These two sen-
sitivity cases show that the battery cost has a higher

effect on the overall cost as compared to the converter
and other costs.

In the third case, the battery life was reduced to 10
yr from 15 yr. This means two battery replacements are
included in this case as compared to only one battery
replacement in the base case. The benefit-to-cost ratio
decreased from 1.49 to 1.42, which is not a substantial
reduction. Thus, there may be economic advantages in
improving the cycle life of lead acid batteries, but the
chronological life is not significant as compared to the
battery cost itself.

In the fourth case, the salvage value was doubled
from 20%. Surprisingly, the benefit-to-cost ratio in-
creased to 1.68. This may be partly explained by the
escalation used in computing replacement battery cost.
Essentially, the salvage part of the battery cost is esca-
lated by 4.5% because at the end of battery life, the
trade-in value of the battery is assumed to be equal to the
salvage percentage of the new battery cost.

The fifth sensitivity case involved the value of ser-
vice or backup source credit. As noted earlier, this item
contributed most to the battery benefits. This VOS may
be about 50% of the base case for the break-even cost.

In the sixth sensitivity case, the distribution benefits
were extended to 30 yr. The base case showed the dis-
tribution transformer deferment for 10 yr only. Because
the battery can be moved to another location, similar
distribution benefits may continue to acme. This case
shows an increased benefit-to-cost ratio of 1.58. The
cost of moving the battery and any change in value of
setvice are not recognized in this case.

Recommendations

Battery energy storage at substations with radial
feeds and/or serving critical customer loads may have
positive benefits for OPC. OPC has approximately 24
such sites that could be candidates for further, more
detailed analysis to determine the benefits of battery
energy storage at these sites. A follow-on feasibility
study that includes the umceptual design of site specific
battery system(s) and further refines the value of the
benefits at each site was recommended to OPC.

Bonnevile Power Administration
Puget Sound Area

In 1989, planning studies at BPA revealed that
major additions to the existing transmission system
across the Cascade Range might be required in the mid-
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nineties. The studies indicated that 1600 MW of ex-
pected growth in the Puget Sound area peak load be-
tween 1993 and 2003 would result in voltage stability
problems on the highly stressed 500-kV system across
the Cascades.

BPA engineers identified 10 possible solutions to
the problems. These included a new double-circuit 500-
kV line across the Cascades, and up to 600 MW of
combustion turbine (CT) capacity in the Puget Sound
area. Some partial solutions included water heater fuel
switching, time of use rates, water heater controls, low-
flow shower heads, conservation, curtailment, and volt-
age support equipment.

SNL initiated this battery application study to deter-
mine if battery energy storage could compete with the
options being considered by BPA, especially if it could
defer a 500-kV transmission line or displace CT
capacity.

Combustion Turbine Displacement

The daily winter load profile in the Northwest helps
make battery energy storage attractive. The load profile
from two days of particular concern to BPA are shown
in Figure 2-4. The February 3, 1989, peak is the more
difficult one for a battery because it is relatively flat.
However, even on this day, the peak could be reduced
200 MW by a battery with just 1.35 hr of storage. A
400-MW peak reduction would require 2.2 hr of storage.

One of the problems with the use of CTs to address
the Puget Sound voltage problem is that they cannot be
started quickly enough to prevent voltage instability
following loss of a major 500-kV line. Hence, they
must be running when load is high. This adds sig-
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Figure 2-4. I.mad Shapes for High-Load Days of Con-

cern to BPA.

nificantly to the cost of the CT option. Batteries can be
switched on and brought to full power in seconds.

A benefit of CTS is that they “firm up” BPA energy
commitments. That is, they allow BPA to commit to
firm energy deliveries that can be sewed largely from
hydro plants. Should water shortages occur, the CTS
can be used to meet those obligations.

Based on recent SNL estimates of battery and con-
verter costs and the instant on-off capability of batteries,
batteries could provide the needed peak shaving at less
cost than CTs. However, batteries cannot firm up hydro
energy sales as can CTs, and thus cannot compete with
this significant CT benefit.

Cross-Cascades 500-kV Line Deferral

The 500-kV line across the Cascades was the
second target of the battery application study. How-
ever, continuing BPA studies revealed an opportunity to
substantially boost the capacity of the existing 500-kV
system by adding one 500-kV substation, a 20-mile
section of 500-kV line, several large shunt capacitor
banks, and two static var compensators. These addi-
tions, combined with conservation and load manage-
ment, have deferred the need for combustion turbines
and the new cross-Cascades 500-kV line indefinitely.
Further, the cost of these options is less than 30% of the
cost of the line. Further study of this option and its cost
was deferred because BPA had already commited to the
construction of this project.

Local Benefits of Batte~ Energy Storage

Batteries n“eednot be located in high-voltage sub-
stations to provide transmission benefits. Battery ener-
gy storage can be more attractive if it is divided into
small units and placed close to customer loads to reap
further benefits. The potential for this in the Northwest
was assessed through discussions with utilities served
by BPA in the Puget Sound area. Interesting applica-
tions in which batteries might relieve the cross-Cas-
cades transmission problem and provide local benefits
are as follows:

“ Boeing Wind Tunnel - At the time of the study
Boeing was planning a 300-MW wind tunnel in
the Puget Sound area. The facility would re-
quire power rising at 150 MW/min during
startup and dwaying at 150 MW/min during
shut-down. However, utilities in the Northwest
limit customer load variations to 50-MW/min.
A battery could be discharged during wind tun-
nel startup and charged during shut-down as
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Battery Energy Required to Lnit Load Changes to 50

MW/min.

shown in Figure 2-5 to reduce load changes to
50-MW/min. A 5-rein battery would suffice,
though cell life may dictate a somewhat larger
battery. The converter rating would be about
125 MW.

● Aluminum Plants - BPA serves two aluminum
plants through the Seattle City Light (SCL) sys-
tem. Batteries at the aluminum plants could
reduce the risk of very costly aluminum cell
freeze-up during power outages. A 30-min bat-
tery would prevent freeze-up. The MW level
necessary to prevent freeze-up was not deter-
mined.

● Distribution Feeder Thermal Limits - SCL
designs 26-kV feeders for a 600-A maximum
capacity (27 MW) and routes [hem to carry 300
A during winter cold snaps. Each feeder can
thus provide backup to one other feeder. How-
ever, in one area, feeders and their associated
substation are reaching full capacity, and the
load continues to grow. One battery, centrally
located, could serve a number of feeders. The
necessary battery MW rating and storage time
were not determined (depends on load profile).

● Fuel Cells - SCL is looking at fuel cells as a
possible long-term solution to the increasing
load density in the city. Because fuel cells are
dc devices, they might share a power converter
with a battery. This would reduce battery ener-
gy storage cost, and allow energy from the fuel
cell to be stored at night when the system load
is low.

● Big Six Customers - Some of SCL’S large cus-
tomers have highly variable loads and thus are

subject to demand charges to cover the extra
generation and transmission equipment as-
sociated with such loads. Batteries could
smooth out this load. Sizes were not deter-
mined.

“ Tacoma Public Utilities - Load is largely com-
mercial and residential; however, an industrial
pocket in the tide flats includes Occidental
Petroleum (90 MW), Penwalt (60 MW), and
others. As much as 400 MW of cogneration
may be developed in the tide flats area, along
with 250 MW in the Frednchsen area. Voltage
regulation is an increasing problem in the area,
but may be solved by cogeneration. Batteries
may provide reliability, load smoothing, and
voltage regulation benefits in this area.

● Whidbey Island - The island load is largely
residential, and is growing. It is fed by two
115-kV lines at the north tip. The 115-kV lines
are long and subject to occasional failure. A
28-MW diesel-driven generator is run to regu-
late voltage when one line is out and supply
some of the island load when both lines are out.
Rotating blackouts are used to share the diesel
among all customers. The diesel cannot be
fully loaded because of feeder “cold load pick-
up.” A 230-kV line extending onto Widbey
Island will help after 1995, but reliability will
still be low by Puget Power standards. The best
solution, a cable tie between Whidby Island and
the Seattle area, would cost about $10 million.
A battery could supply the 10 to 20 min “cold
load” portion of the last feeders to be picked up,
thus increasing the load the diesel can seine. It
m’uld then smooth the load to further increase
diesel loading. A 5 to 10 MW l-hr battery
would be needed.

● Power Plant Black Start - Puget Power has
some power plants that could be restarted more
rapidly after a blackout if a nearby source of
power were available.

Generation Benefits of Batte~ Energy
Storage in the Northwest

Discussions were also held with BPA and Pugel
Sound area utilities to identify generation benefits of
battery energe storage. All of the utilities have hydro
plants that provide highly flexible scheduling to maxi-
mize economy and impose few generation constraints
on operation.
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Conclusions

There are limited opportunities at present for bat-
tery energy storage plants to capture large benefits in the
Puget Sound area by deferring major transmission and
CT investment because less costly alternatives have
been identified. Also, the usual generation benefits of
energy storage are not available in the Northwest.

Battery energy storage may, however, still have a
place in the study area at the subtransmission and dis-
tribution level. It could be attractive by providing dis-
tribution system benefits and displacing some of the
more costly alternatives that will be used to defer major
transmission and CT investment.

Battery energy storage may also provide a hedge
against failure of some of the less well-proven alterna-

tives to major transmission and CT investment. For in-
stance, if conservation, fuel switching, or load manage-
ment do not limit peak load growth as expected, bat-
teries could be installed quickly and on short notice to
sewe peak load.

Evaluating the cost effectiveness of battery energy
storage in an environment where there are no large
benefits is difficult. It requires careful scrutiny of the
many possible beneifts that can be derived from battery
attributes (see Table 2-6). This, in turn, requires close
cooperation of all persons or organizations that may
recognize a benefit from the installation. In the Puget
Sound area, this would include at least several depart-
ments within BPA, several from one of BPA’s client
utilities, and, perhaps, one or more from an industrial
customer.

Table 2-6. Battery Attributes

No-Cost Start/Stop
Fast Response (kW and kvar)
Four Quadrant Operation (simultaneous

kW and kvar)
Unmanned (Remote Control)
High Reliability/Availability
Low Maintenance
Short Lead Time Installation
Low environmental impact (siting flexibility)
Limited space requirement (siting flexibility)
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3. Battery Systems Engineering

The Battery Systems Engineering project is aimed
at developing total integrated battery energy storage
systems. The objective is to develop several batte~
systems designs that can meet the various application
requirements in the utility operating environment.
Development contracts are under way at Omnion Power
Engineering (AC Battery) and GNB Industrial Battery.
PG&E will be the host utility to field-test the first AC
Battery prototype unit and will evaluate the GNB tech-
nology as an option for distributed storage. The require-
ments of another host utility, PREPA, for a spinning
reserve/area regulation system are included in the ad-
vanced VRLA GNB system. The specifications were
provided to UMR, who wilt develop a model. Vent
valve reliability improvements are being addressed at
SNL in support of the GNB contract.

AC Battery Development - Omnion

The AC Battery is a patented, modular battery sys-
tem concept proposed by Omnion Power Engineering.
The concept embodies several of the design features that
are desirable for utility operations. It offers redundancy
at several levels, ease of maintenance, portability, and
unattended remote operation. It also relies on mass
manufacturing production techniques to realize the
maximum potential of reducing the cost of battery ener-
gy systems. Upon completion of a successful develop-
ment phase, the AC Battery will be able to meet applica-
tion requirements in the 500-kW to 3-MW size ranges.

In its present conceptual form, the AC Battery is a
500-kW/500-kWh battery energy storage system pack-
aged in multiple, transportable containers. Each con-
tainer houses several “modules” that contain the bat-
teries as well as an on-board pwer conversion system.
This enables the modules to accept ac power and convert
it to dc to charge the batteries. In the discharge mode,
the dc output of the batteries is converted to ac power
that is aggregated from all the modules to equal the rated
power capacity of the umtainer.

At present, the AC Battery is at a concept stage and
an -12-mo effort is needed to complete the detailed
design and engineering to transform the concept into a
working system. Although the concept is simple and
relies on proven battery and power conversion technol-
ogy, it still combines these technologies in a manner that

has not been attempted previously and places the battery
in a potentiality stressful environment that makes it dif-
ficult to predict performance. This uncertainty under-
scores the need to demonstrate the concept with a
prototype unit under field conditions. Thus, the objec-
tives of this task are to complete the detailed engineer-
ing design and to build the first prototype unit for testing
at PG&E for a 12-mo test period.

Tasks/Milestones

The tasks in the AC Battery prototype development
contract are described below:

1.

2.

3.

4.

5.

PCS Design and Development—Includes the design
and control software development of the PCS,
design and test of a prototype unit, and design of a
production board.

Module Design and Development—Includes the
design of the module that will house the battery and
the PCS boards. Includes the fabrication of a
prototype module that will be replicated for the 36
modules of the AC Battery container.

Container Development—Includes the structural
and thermal design of the container to house the
modules and meet all the transportability and
operating requirements.

Production Cost Estimate-A study to estimate the
cost of producing the commercial design of the AC
Battery assuming various rates of production. Also
identifies changes in design that might be necessary
for economic manufacturability at higher produc-
tion rates.

AC Battery Testing—Includes the field tes of the
prototype unit at PG&E. It is expected that the unit
will initially be tested in a laboratory setting, and
moved to a substation site upon satisfactory check-
out.

Container Development

The container (Figure 3-1 ) serves as a relatively
compact and lightweight envelope and support for the
modules with a size and shape suitable for easy transpor-
tation, yet possessing sufficient strength and rigidity. It
provides tamper-proof protection for batteries and
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Figure 3-1. AC Battery Container Configuration (all

dimensions are in inches).

electrical gear, while allowing easy access to all internal
components. It features a 30-yr design life with low
maintenance requirements.

The container is insulated to minimize the required
heating and cooling for the batteries. It must provide
ventilation for exhausting waste heat from the PCS and
batteries, and any gases given off by the batteries.

The original system concept called for a single con-
tainer housing 36 modules, each of which contained 21
batteries (756 batteries total). This concept called for
half the modules to be field installed due to trucking
weight limitations. As the development proceeded, it
became apparent that some changes and improvements
would be in order.

One change was the downsizing of the container,
which offem the following advantages:

1. Easier transport and mobility on site.

2. All modules come pre-installed in the container for
reduced site work and faster setup.

3. The cooling system can utilize a shorter, simpler
ducting system. This eases the task of assuring
temperature uniformity among batteries and
modules.

Another feature added is the ability to load and
unload modules from either side of the container. This
minimizes the needed site improvements and allows the
fitting of more modules in a given land area, greatly
increasing the overall power and energy density.

Figure 3-1 shows the container. It is approximately
11 ft tall, 15 ft long, and 8 ft wide. lhe container houses

eight modules stacked two high. Individual modules
contain 48 batteries with power/energy ratings of
32 kW/21 kWh, respectively. With the eight modules,
the container power/energy rating is -250kW/167 kWh.
The weight of the container with eight modules and all
auxiliaries is estimated to be 40,000 Ibs. Containers can
be placed end to end with minimal space between them.
Access to all components of the container can be ac-
complished from the sides of the container.

Connections to the container consist of a 250-KVA,
480-VAC three-phase service drop and connections to a
SCADA system. Where multiple containers exist at a
site, the SCADA system is connected to the first
container only. The additional containers are then con-
trolled by the first container. This makes the first con-
tainer a master and the additional containers slaves. All
containers have the capability of being masters or slaves
as desired.

Another change occurred in module sizing. By in-
corporating more batteries per module (48 vs 21), the
PCS capacity and efficiency could be increased. Addi-
tionally, only eight PCSes are needed, resulting in a
potential cost savings.

Battery configuration was changed from a single
layer of 21 batteries to a stacked orientation comprised
of four layers of 12 batteries. This allows a stronger
module. To circumvent potential complications in
production and serviceability, a novel structural design
incorporates layers of battery trays, which can be pre-
assembled, wired, and stacked to form a rigid unit.

Figure 3-2 shows the module configuration. Each
module is 58 in. wide, 51 in. high, and 40 in. deep and
is rated at 32 kW.

,,

Figure 3-2. AC Battery Module.
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PCS Design and Development

PCS Waveform Control

The 250-kW AC Battery is comprised of eight
modules in which each module has its own converter.
Skewing is a technique wherein the phasing of each
module is staggered, or skewed, by l/8th of the switch-
ing period. When all waveforms from the eight modules
in the container are combined, the high frequency com-
ponents created from switching tend to cancel, while the
60-Hz line frequency component remains. By utilizing
skewing, lower frequency switching is possible, result-
ing in lower switching losses and lower cat reactors.

The skewing of bridge outputs was modeled to find
out what effect various parameters would have on the
output waveform both at the output of a single module
and at the output of the container. The goal was to keep
the total harmonic distortion (THD) of the current out-
put of the container under 5%.

What is different here is that while in the past the
second through fiftieth-integer harmonics of 60 Hz were
looked at, for this development all harmonics were used.
Since the IGBT converters have typically run at a
switching frequency of 7680 Hz, looking at frequencies
over 3000 Hz is more demanding.

Figure 3-3 shows the typical waveform that has
been used in the past. The computer model used to
simulate this waveform assumes a 660-VDC bus volt-
age, 750 pH reactors, and a 7680-Hz switching frequen-
cy. While the individual switching cycles are hard to
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make out, the width of the switching band is readily
seen.

Figure 3-4 shows what skewing is hoped to ac-
complish. The bottom two curves are two output wave-
forms that have been skewed 180” apart using the com-
puter model developed by Omnion. The top curve is the
sum of the two bridges and shows the reduction in ripple
current possible when bridges are skewed. This allows
the reader to visualize the reduction by comparing the
magnitude of single bridge ripple currents with the mag-
nitude of the summed current. If the bridges were
operating without skewing, the top wave current ripple
would have the same magnitude as the bottom two
waveforms. The reduction in ripple is not 100% be-
cause the ripple current is a sawtooth shape rather than
a triangular waveform. If the ripple current was a per-
fect “V” shape, the ripple current would cancel com-
pletely.

Several options exist to look at the impact of skew-
ing. The easiest option is to mathematically shift and
sum several ideal constant frequency current wave-
forms. While this demonstrates the concept, it may be
an oversimplification. Instead, a model of the bridge
control circuit was built. This model does not operate to
give a constant frequency output; rather it uses the vari-
ables that the real circuit will use and processes the data
just like ~he real circuit. As a side benefit, the model
allows tuning of the real circuit prior to building it. By
looking at variables in the model, the effect of feedback
and feed fonvard on the circuit can be seen. When
several bridges are modeled, each bridge has its own
model and runs independently of the other bridges. This
fairly well simulates actual operating conditions.

I
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Figure 3-3. Typical AC Waveform without Skewing.
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With the model in place, the first step was to reduce
frequency and reactor inductance. Reducing frequency
has two benefits. The first benefit was to allow the use
of more conventional cores in the reactor. Today reac-
tors are typically used with a .002 -in. -thick steel lamina-
tion. By reducing the frequency, the hope is that a thick-
er (and less expensive) core material can be used. Addi-
tionally, reducing the frequency of operation results in
higher PCS efficiency due to the reduction in switching
losses.

By reducing the inductance, the cost of the reactor
should be reduced proportionately. me baseline case
for all the figures that follow is 3000-Hz operation,
200 pH of inductance in skewing positions, and a dt of
4.17 p.s. The dt is how often the model is updated. As
dt gets larger, the model operates less accurately.

Figure 3-5 shows the impact of the number of
skewed module locations on THD. Two curves are
shown. In each case, the model was configured for 3000
Hz operation, 200 pH of inductance and a dt of 4.17 W.
The curves correspond to the maximum container volt-
age of 816 V dc (17 V/battery). A single bridge has a
THD of 123% at 17 V/battery and 62% at 10.5 V/bat-
tery, which is not shown in Figure 3-5. Adding two
more modules reduces the THD between 9 and 15’ZOas
shown”in the figure. Thus, the number of skewing loca-
tions has the most effect between 2 and 6.

Modeling has shown that both inductance and
operating frequency can be reduced while keeping the
current THD below 5%. For the AC Battery PCS, the

minimum configuration of the magnetics in terms of
inductance and frequency is 200 pH per phase of induc-
tance and 3000-Hz operating frequency. This will re-
quire a 200 A IGBT. If the inductance is increased to
400 pH and the frequency to 4000 Hz, a 150-A IGBT
would be sufficient.

Table 3-1 shows the current from sampled wave-
forms with different reactors at 60 Hz and at harmonics
of the operating frequency. In the first line, the third
harmonic is shown as 7.2 A. This means that a bridge
operating at 3000 Hz with 200 VH of inductance has
7.2 A of current at 9000 Hz. These data were used to
design the reactor.

Integrated Transformer and Reactor Design

Another area for potential weight, size, and cost
savings is the magnetics. Past PCSes have used separate
reactors for each phase. The outputs of each of the
phases were then sent to a three-phase transformer to
provide isolation and voltage matching.

Re-examination presents three options with regard
to the reactor:

1. The fimt option is to build three separate reactors as
we have done in the past.

2. Second, three reactors could be combined to make a
three-phase reactor. This reduces the parts count.

3. Finally, the reactors could become leakage induc-
tance in a transformer.

3-4 3. )3/l TTERYSXSTEIUS ENGINEERING



24

22

20

lE

16

~4

12

10

8

6

4 +

21
0

,,

2 4 6 e 10 12 14 ~6 ?8

ri.mer or w. Ies
❑ 6v=17, L=200uH + EV=1O 5. L.200UH

Figure 3-5. Cument THD vs Number of Skewed Modules

Table 3-1. Current from Sampled Waveforms

Operating Induct Harmonic Current (A)

Frequency VH 60 tiz 1 St 2nd 3rd 4th 5th 6th 7th 8th 9th— . —

3000 200 70.8 82.5 19.9 7.2 4.0 3.2 2.2 1.5 1.3 1.1

4000 200 68.7 62.7 14.7 5.3 3.0 2.4 1.9 1.4

6000 200 69,8 41.5 10.0 3.5 2.3

8000 200 70.7 31.0 7.8 3.1

3000 300 71.0 55.1 13.6 4.8 2.6 2.1 1.6 1.1 0.9 0.8

3000 400 68.6 41.7 10.2 3.9 2.3” 1.9 1.4 1.1 1.0 1.0

3000 600 69.4 20.9 5.5 2.3 1.2 0.7 0.7 0.5 0.5 0.4

3000 800 71.5 15.3 4.2 1.7 0.8 0.5 0.4 0.3 0.3 0.3

The transformer would ideally bean isolation trans-
former with a 480-V output. This option reduces the
balance-of-system cost. Cost reductions are possible by
the elimination of a transformer for the container and in
lower currents inside the container.

As configured, the converter output voltage is
255 V line to line. The maximum current is 70 A ac.
This requires 100-A-rated equipment. By going to 480
V, the maximum current is *37 A ac. This is almost a
2:1 reduction and results in lower costs for disconnects,
wire, and circuit breakers. By implementing this third
approach, it is hoped that much of the extra cost, size,
and weight will be eliminated compared to a discrete
reactor/transformer design.

Software Control

Compared to previous Omnion designs, the new
PCS hardware design is greatly simplified. By integrat-
ing much of the control and protection logic onto a
FPGA chip, component count (and cost) drops, while
reliability should increase. By utilizing a program-
mable chip, changes that formerly required exlensive
board modifications can now be done via software. A
new phase-lccked, loop hysteresis current regulator has
been developed using extensive computer modeling and
simulation. Its implementation results in a reduction in
parts count and circuit complexity. A fiber-oplic com-
munications link interconnects the modules to the
module control computer.
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Many higher level control functions have been
moved from the PCS control to the container control
computer. These computation-intensive yet less time-
cntical tasks can be done in a centralized location, al-
lowing greater PCS simplicity. It has the additional ad-
vantage of making it simple to tailor the AC Battery to
a wide variety of applications.

The graphical user interface allows multilevel con-
trol, while clearly displaying parameters of interest.
The display emulates eight module control panels and a
main system panel. Status targets and digital readouts
show at a glance the operating conditions for each of the
modules. An X-Y display will show the four quadrant
output of the container and modules. The total system
display shows overall performance, while continuing to
monitor the individual modules. Commands may be is-
sued in kW, kVAR, kVA, power factor, phase angle, and
dc Amperes. The computer makes all the necessary
conversions.

A built-in program language interpreter, complete
with on-line editor, facilitates programmable AC Bat-
tery operation. Data logging functions track and save
operating information for review and analysis.

Container Thermal Management

An important consideration in a battery energy
storage system is dealing with the heat generated by the
batteries and PCS. The following test was conducted on
a scaled-down battery array. The results have helped to
confirm the differing cooling requirements for the bat-
teries and the PCS. Batteries have a much greater ther-
mal mass, yet have a stricter requirement for optimal
temperature range. By developing separate cuoling sys-
tems for each, fewer compromises are required, and
overall cooling efficiency can be increased.

The power bridges will use exclusively outside air,
which needs little conditioning except for some coarse
filtration. The batteries and the remainder of PCS will
use recirculated indoor air almost exclusively. This air
will be heated and cooled as necessary to maintain the
60-1 OO”Foptimal temperature range.

Taat Summary

The purpose of this test was to determine room
temperature ambient airflow required to prevent over-
heating of the batteries under the worst-case loading
conditions. Worst case is expected to occur when using
the AC Battery for frequency stabilization bemuse this
subjects the battery to repetitive charging and discharg-
ing at a fairly high duty cycle.

For this test, a battery was discharged from 100%
state of charge (SOC) to 8090 SOC and then cycled in
the following manner: 8 min discharge at 28 kW dc
using a string of 47 batteries followed by 1 min rest, 8
min charge at 28 kW dc followed by 1 min rest repeated
for 8 hr. This routine maintained the battery at ap-
proximately an 80% SOC. Battery voltages were
monitored to ensure that the battery was not being dis-
charged or charged on a cumulative basis.

To conduct the test, three of the 47 batteries in
series were mounted in an insulated box of two-in. -thick
styrofoam with 8 x 12 in. inside dimensions. The box
was 48 in. long and built to represent the expected
module geometry for airflow. Figure 3-6 shows the con-
figuration of the test.

Ambient air was blown past the batteries by a vari-
able speed fan. Air velocity was measured at the dis-
charge. Temperature probes were installed at the inlet,
outlet, and battery post and between batteries to measure
the heat dissipation and battery temperature. The “be-
tween” battery measurement was taken between bat-
teries that were touching each other to attempt to get
battery internal temperature. Battery string voltage and
temperatures were rearded at 9-rein intervals during
normal working hours. Each night the batteries were
brought to full charge at constant 25A until reaching 16
V/battery, then constant voltage to 100% SOC. The
batteries were discharged to 80% SOC prior to the start
of the next test the following morning.

Three levels of airflow were evaluated over 5 to
6-hr each. The air velocity was measured through a
3-in. diameter tube in order to obtain a reasonable
velocity for the instrumentation and converted to cfm
past the batteries. Heat extracted from the batteries was
calculated by the formula Q=cfm*Cp*(t2-tl) in
BTU/rein considering standard air at 68°F where
Cp=O.0181 BTU/ft3/OF. The results are shown in Table
3-2.

Some of the test observations are as follows: the
battery temperature did not stabilize with 4.86 cfm
airflow, barely stabilized with 9.72 cfm and stabilized
after about 4 hr at 19.44 cfm airflow and then tracked the
ambient temperature. In each case, the battery tempera-
ture as indicated by the probe located between batteries
reached about 42°C and recovered to about 38°C while
on the overnight charge with no ventilation. The
charge/discharge cycle used here of 5 to 6 hr operation
with slow recharge is considered to be more severe than
anticipated in commercial use.
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Figure 3-6. Experimental Setup for ‘1’hermalTest of AC Battery.

Table

Air Velocity (FPM)
Airflow (efm)

Q (BTU/rein)

Q (W/3 batts)
Q (W/module)

3-2. Battery Thermal Test Results

100 200 400

4.86 9.72 19.44

0.87 2,28 3.17

15 40 55,7

240 640 891

The test yielded the following conclusions:

The total battery contribution to heating within the
container is -24,000 BTU/hr (891 W*8 modules* 3600/
1.055) for a period of 5 to 6 hr for a daily average of
1013 BTU/hr. Considering the narrow range of ambient
to discharge air temperature, it appears that a cooling
capacity of about 12,000 BTU/hr should be adequate to
maintain the ambient temperature within acceptable
limits.

Additional testing of one module will be performed
at SNL during FY93 to verify these results. Further
testing at the system level to verify the thermal manage-
ment scheme will be performed after fabrication of the
first container at Omnion.

Technology Development - GNB

The 3-yr, $2.83M development effort with GNB
Industrial Battery Company was initiated specifically to
improve VRLA battery designs to meet utility applica-

tions requirements in the mid- to late- 1990s. Current
VRLA battery designs are geared to meet the needs of
portable equipment and emergency power backup ap-
plications and are not optimized for utility applications,
which include energy reserve, power regulation, and
peak load shaving. The intent of the GNB effort is to
develop an advanced VRLA battery designed to meet
utility needs. To ensure that these needs are understood,
the statement-of-work and the make-up of the project
team was specially defined so that GNB could obtain
first-hand input from utilities about battery storage re-
quirements in their network. Recognizing the near-term
market potenlial, GNB is cost-sharing the contract at
46%; both of the host utilities PG&E and PREPA, are
also cost-sharing their participation in this effort, which
is indicative of the interest of the utility industry in
battery energy storage stytems. The requirements of
PREPA for a spinning reserve/area regulation system
are the driving force in the definition of the advanced
VRLA being developed under this contract.

The GNB effort in this contract is comprised of
three tasks. Task 1 is a two-phase activity that is in-
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tended to improve the performance of VRLA batteries
through changes in battery design, materials and
manufacturing processes. The objectives of Tasks 2 and
3 are to define battery system requirements and to con-
duct economic evaluations that require extensive par-
ticipation by the host utilities.

Task 1 is divided into two phases. The first phase is
improving current VRLA battery designs to match or
exceed the performance and costs of flooded lead-acid
batteries without sacrificing the inherent advantages of
the VRLA technology. The technical approach for this
first phase is focusing on performance issues such as
vent valve reliability, thermal management, charging
profiles, positive plate behavior, and ground fault
prevention, which have been perceived by the utitity
industry as barriers to the widespread implementation of
VRLA battery systems. The studies and improvements
being conducted in this phase witl generate cell level
data proving and improving the performance of GNB’s
ABSOLYTE technology in utility applications. An ad-
ditional objective is to improve the consistency of cell
performance by manufacturing procas control.

In Phase 2 of Task 1, GNB is completing the
development of an advanced VRL4 battery design op-
timized for high-power applications. The specific
development efforts are investigating evolutionary and
revolutionary changes in grid and active materials
make-up and electrolyte immobilization twhnique to
improve the efficiency of energy delivery and life of the
VRLA battery. A key manufacturing process that will
improve manufacturing consistency and control
manufacturing costs is being developed and will be im-
plemented.

Joint efforts between GNB, PG&E, one of the host
utilities, and the University of Missouri-Rolls (UMR)
have resulted in the development of a preliminary,
modularized, standard battery/power conversion unit in-
cluding the facilities required to house and support a
battery energy storage system (BESS). PG&E’s
analysis of their distribution network has resulted in the
identification of four sites that could immediately
benefit from a battery energy storage system. Further-
more, PG&E has conducted simulation studies on their
transformer capacity model (TCAP) and provided GNB
with several discharge profiles. GNB will evaluate cur-
rent, intermediate and advanced battery designs under
these profiles and will provide PG&E with a database
that witl provide decision criteria for selecting operating
alternatives. As the result of interchange meetings be-
tween the participants teamed in this contract, PG&E
has indicated a marked preference for a 3- to 5-yr life
battery, which is in contrast to the requirements iden-
tified in most utility battery energy storage studies.

VRLA batteries capable of high power with this life
range can be incorporated as part of the utility/battery
product philosophy.

Progress being made against each of the specific
task items is described below.

Task 1. Phase 1: VRLA
Improvements

Vent Valve Reliability

Battery

VRLA batteries operate on the “oxygen cycle”
wherein oxygen gas generated during charge is recom-
bined at the negative plate. As such, some positive in-
ternal pressure must be anticipated during the operation
of a VRLA battery. The containers for VRLA batteries
are typically made of an acid-resistant plastic and are
not capable of withstanding extremely high internal
operating pressures. This is particularly true in large-
capacity VRLA batteries where the large, thin-walled
plastic cdl jars are incapable of withstanding more than
a relatively small internal pressure without deforming.
For this reason, these large VRLA batteries are often
assembled into stronger metal structures to prevent them
from deforming even at the relatively low internal pres-
sures at which they operate.

The pressure relief vent valve incorporated into the
design of all VRLA battery designs is provided as a
safety device to allow excess gases built-up during
periods of high rate charging or overcharging to be
vented to the ambient atmosphere. Because the VRLA
battery does operate with some positive internal pres-
sure, the vent must stay closed during normal operation.
If the vent opens at too low a pressure, unnecessary
quantities of oxygen and hydrogen gas will be allowed
to vent from the cell, causing loss of water from the
electrolyte and potentially resulting in cell “dry-out”
and eventual failure. If the vent opens at too high a
pressure, the plastic cell case can deform, causing
stresses at seals and joints that can deteriorate and
potentiality develop into leaks. A further requirement
for the vent valve assembly is to prevent the ingress of
oxygen from the surrounding environment to the cell,
which will accelerate the self-discharge of the VRLA
battery by reacting with the charged negative plate.

The vent valve system incorporated into each
ABSOLYTE cell has been designed with the require-
ments enumerated above in mind and operates reasonab-
ly well as evidenced by over 10 yr of actual operational
history. However, they have been reported to have
“micro” leaks and hysteresis from vent opening to reseal
operation. This is a deviation from the original design
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intent and needs to be corrected. In addition, vent valve
operation under extended elevated temperature condi-
tions is unknown.

The technical approach being followed to define
and improve the operation of the pressure relief vent
valve and to identify improved vent designs is as fol-
lows:

1. characterize the vent/reseal operations of the cur-
rent pressure relief vent valve, considering the
external conditions to which the vent may be ex-
posed over its operational lifetime;

2. identify and evaluate improvements in materials
and/or fabrication that can improve the consistency
of operation of the current vent design; and

3. analyze and evaluate alternate pressure relief vent
systems to improve consistency of performance.

ABSOLYTE pressure relief vent valve assemblies
were randomly sampled from factory stock and as-
sembled onto test cells equipped with electronic pres-
sure transducers. The five sample vents were tested
through 20 vent/reseal cycles over a 140 hr period at
25”C. Over the course of the test, each of the vent
samples released within the design range for the vent
operation (i.e., 3 to 9 psig), and test data correlated well
with the acceptance data generated at the factory.
Variation of the venting pressure among the samples and
over the course of the test was small; however, a sig-
nificantly wider variation of the reseal pressures was
observed among samples and over the course of the test
for individual samples. Experimental data indicating
variability among the five vent samples are summarized
in Table 3-3, and plots of pressure vs time during the

vent/reseal cycle tests for two of the samples are shown
in Figures 3-7 and 3-8.

The repeatability of the pressure release point for
the ABSOLYTE vent valves has been shown to be quite
consistent, typically well within k 1 psig of the average
venting pressure. The reseal pressure, however, is con-
siderably more variable, both among samples as well as
between repetitive reseals of the same vent valve as-
sembly. Although this variable vent reseal behavior is
an area of improvement, it is important to note that at no
time did any of the pressure release vent valves allow
the internal pressure of the test cells to drop to “zero
psig,” and thus, the vents demonstrated their ability to
prevent the ingress of oxygen to the cell, which would
be more detrimental to long-term operation than fluctua-
tions in reseal pressure.

Upon completion of this series of tests, it was noted
thal the pressure transducers were being attacked by the
oxygen and acid-rich atmosphere within the test cells.
There was concern that the resulting corrosion was af-
fecting the calibration of the devices. The transducers
were returned to the manufacturer for repairs, and the
test cells were modified to isolate the transducers from
the oxygen-rich gases and the acid-laden vapors.

While the test equipment is being repaired and
modified, alternate valve materials and designs are
being obtained. Modifications to the surface of the rub-
ber cylinder used in the GNB pressure relief vent design
were investigated by SNL materials scientists,
specialists, and staff, and samples of cylinders prepared
by precision cutting of a rubber extrusion have been
obtained and are awaiting fabrication into pressure
relief vents. Additional pressure transducers and equip-
ment to fiI an oil trap onto each of the test cells have

Table 3-3. ABSOLYTE Vent Baseline Characterization

Factory
Opening Pressure Closing Pressure Acceptance

(P 9)si (P 9)si Pressure
Vent Valve Mean Std. Dev. Mean Std. Dev. (P 9)si

1 6.663 0.181 5.549 0.612 6.4

21 5.030 0.332 2.541 1.082 5.6

23 6.395 0.207 3.957 0.952 6.4

2 4.298 0.135 1.673 0.558 4.0

6 5.365 0.340 2.273 1.061 4.9

Randomly selected factory-assembled pressure relief valveswere tested on cells through 20 vent/reseal operations over a 140-hr
period at 24*C. Vent opening pressures were consistent throughout the test; reseal pressure was more variable, but still resealed
above “zero” psig preventing oxygen ingress to the cell.
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Figure 3-7. Opemtion of a Production ABSOLITE Pressure Relief Vent Valve on a Cell at Constant Overcharge.

The data show the vent opening repeatedly in the tzmge of 6 to 7 psig and resealing in the range of 5 to 6 psig.
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Figure 3-8. Operation of Another Randomly Selected ABSOLYTE Pressure Relief Vent Valve on a Cell at Con-
stant Overcharge. “Ilk shows repeatable vent opening in the range of 4 to 6 psig but more variable reseal
operation. l%e intent of this project task is to improve the consistency of operation of the ABSOLYTE vent.

Despite the variation in reseal operation, the vent reseal maintained the cell at a positive internal pressure, which is

essential to prevent oxygen ingress and accelerated self-discharge.
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been ordered and are expected to arrive to allow resum p-
tion of the vent valve tests by October 1992.

A further complication arose recently when high
temperature tests (under an IR&D program) on
ABSOLYTE product showed evidence that the rubber
seal washer (used when mounting the vent valve body in
the cell cover) was suffering thermal degradation. This
observation has led to an added task to evaluate alternate
sealing washer materials with better thermal stability.

Positive Plste Growth

The normal wearout mechanism anticipated in any
lead-acid battery is the anodic corrosion of the positive
grid structure. The product of this anodic corrosion
reaction of the grid lead with sulfuric acid is lead
dioxide (PbOz). The density of lead dioxide is roughly
80% that of the lead metal from which the lead dioxide
is formed during the corrosion process. * a result of
this density change, the grid structure deforms and com-
monly undergoes what is referred to in the battery in-
dustry as “plate growth.” The plate will attempt to grow
in the direction of least mechanical resistance; in the
battery, this is typically along the grid frame opposite
the side where the plate lug is connected to the terminal
strap. The extent of growth is dependent on the actual
length of the grid, and as battery size (both physical and
electrical capacity) increases, plate growth becomes a
significant potential failure mode.

Grid growth can result in the loss of electrical con-
tact between the positive active material and the grid,
and/or cell shorting of the positive plate to the underside
of the negative plate strap. The amount of positive plate
growth is a function of the grid alloy and the mechanism
of corrosion, cell operating environment including am-
bient temperature and charging conditions, and the cell
design itself.

GNB’s ABSOLYTE II cells use the patented MFX
alloy for the positive grid. This lead alloy has excellent
corrosion resistance and GNB’s R&D efforts have deter-
mined the annualized corrosion rate for the MFX alloy
when maintained at 25°C and at a float charge voltage of
2.25 V/cell to be 1.84 mils/yr. That is, under these
charging conditions the positive grid will corrode
.00184 in. of its cross-sectional radius each year. The
mechanism of corrosion for the MFX alloy is a surface
reaction that evenly corrodes the lead grid structure.
This type of corrosion results in the least amounl of
corrosion influenced grid growth; intergranular penetra-
tion corrosion results in the greatest amount of corrosion
derived grid growth. Life test data from cells tested at
50”C by Argonne National Laboratory (ANL) showed
only 4.7~0 growth of the plate’s initial area after 15 mo.

of testing. Using the widely accepted Arrhenius
relationship for temperature acceleration of corrosion
reactions, the ANL test period equates to the equivalent
of 7 yr of service at 25”C. Plate grow~h of 890 or greater
is usually considered to be unacceptable, and deteriora-
tion of battery performance can be expected at that level
of plate growth.

Although the MFX alloy affords a good deal of
resistance to plate growth, other concepts can be incor-
porated into the cell design to provide additional protec-
tion against the deleterious effects of positive plate
growth.

GNB installs a plastic “boot” on the bottom of each
positive plate in its ABSOLYTE cell to protect against
shorting by contact with negative active material sedi-
ment that accumulates in the bottom of the cell jar
during assembly of the cell element into the jar. This
boot currently is a snug fit to the positive grid. GNB is
evaluating a collapsible boot that would provide space
for the positive plate to grow into as the cell ages and the
positive grid grows, thus preventing the build up of
stress forces on the cell seals. The collapsible boot
design will be evaluated on the improved ABSOLYTE
design, and detailed drawings for this cell including the
molded collapsible boot are being completed.

An additional approach is to design the grid so that
as the grid grows, the various grid members collapse or
bend in such a way as to actually increase the contact
pressure between the grid and the active materials. This

S(eggefed vemcak in m
dfsa frame

Staggered vamcals staggeredt-mllzcmtalsK@
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VllnedWtllrm10n@5 DlclgMel Cunemdesign

Figure 3-9. Various Positive Grid Contigurations.

These have been proposed to minimize growth result-

ing from corrosion of the grid. The advantages and
disadvantages of each are enumerated in Table 3-4.
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concept was used in the development and design of the
AT&T/Bell Labs round cell. GNB has considered
several grid design approaches to maintain active
material contact during plate growth in a prismatic grid
configuration. Some of these concepts are shown in
Figure 3-9; the advantages and disadvantages of each of
these design concepts are enumerated in Table 3-4. Be-
cause the MFX alloy does not exhibit excessive positive
plate growth, the approach decided was simply to make
the positive grid shorter and to provide additional space
in the cell to accommodate the anticipated growth. A
positive grid mold to cast the shorter grid for the im-
proved ABSOLYTE design is being manufactured. Ad-
justments to the manufacturing processes (including
plate wrapping, cell stacking, and terminal lug welding)
to accommodate the shorter positive grid are an-
ticipated, and experimental efforts to establish ap-
propriate processing instructions and specifications are
being planned.

Thermal Management and Charging Profiles

Elevated temperature has a deleterious effect on the
life of any lead-acid battery. In flooded electrolyte
types, the reduction in life is due to the acceleration of
positive grid corrosion. In VRLA batteries, in addition
to the acceleration of the grid corrosion process, it is
suspected that elevated operating temperatures may also
induce failures due to accelerated loss of water by gas-
sing and diffusion through the container material and the
pressure relief vent valves (including the seal between
the valve body and the cell). In addition to the heat

generation mechanisms associated with the operation of
any bat tery including 1) the resistive heating effects
caused during discharge, 2) the heat released due to the
chemical and electrochemical reactions on charge
coupled with the resistive heating effects during charge,
and 3) miscellaneous heating effects from polarization
and the grid corrosion reaction. VRLA batteries have
one additional significant heat-generating source-the
oxygen recombination reaction occurring at the negative
plate during overcharge.

Heat dissipation in lead-acid cells occurs through
the following methods:

“ Conduction through the cell materials, par-
ticularly the lead in the grids, straps, and
terminal posts and to a lesser degree through
the electrolyte and separator materials, and the
container and cover materials.

● Convection from the surface of the battery and
its components to the surrounding air. The heat
dissipated in this manner is highly dependent
on the amount of surface area of the battery
exposed to the air and can be increased using
forced air systems. In a forced convection sys-
tem, it is most beneficial if the air is directed to
the hottest areas of the battery stack through
baffling. The addition of fins to the surface of
the battery aids convective cooling by increas-
ing the area exposed. It is also believed that
turbulent airflow is more effective than laminar
airflow; however, the effects are more difficult
to predict and control.

Table 3-4. Alternate Positive Grid Designs

Design Name Advantages Disadvantages

1,

2,

3.

4.

5.

Staggered verticals ●

●

Diagonal ●

Staggered horizontals and ●

verticals

Staggered verticals in an ●

offset frame ●

Varied vertical lengths ●

No lengthy verticals
Castability

Has proven castability

No lengthy verticals or
horizontals

No lengthy verticals
No full-width horizontals

Resistance not increased
● No full-length verticals
● Castability

-.

●

●

●

●

●

Increase in grid resistance
No change in horizontals

Unknown effectiveness

Increase in grid resistance
Castability reduced

Increase in grid resistance
Castability reduced

No change in horizontals
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● Radiation provides a fairly insignificant
amount of heat dissipation from aballery, par-
ticularly if the temperature differential is small.

“ Evaporative cooling results from gases venting
from the battery, thus removing heat. In a
flooded electrolyte battery, gassing provides a
secondary benefit by a circulation effect in the
electrolyte that adds internal convective cool-
ing of the cell components. In VRLA batteries,
evaporative cooling is basically nonexistent as
gassing of the water in the electrolyte is inten-
tionally avoided to prevent cell dry-out and
premature failure.

Being an electrolyte-starved system, VRLA bat-
teries have a lower heat capacity than flooded electro-
lyte equivalents, have no internal convection, and have
an additional mechanism for heat generation, namely,
the oxygen recombination reaction. Thermal manage-
ment at both the cell and battery levels in large VRLA
batteries for utility applications, therefore, is a neces-
sary as well as challenging requirement.

Because charging is intimately associated with the
heating effects experienced in the VRLA battery, GNB
has decided to integrate the identification of optimized
charging profiles with the thermal management task.

UES applications usually require that the batteries
be recharged during off-peak hours, and usually limit
available recharge times to less than eight hours. Addi-
tional charging restraints are imposed to limit the
temperature rise in the cells to control grid comosion and
water loss and extend battery life and, in the extreme
case, to prevent thermal runaway. The ideal recharge
profile will minimize recharge time and temperature rise
during charging while maintaining battery capacity. Art
additional objective is the identification of recharge
parameters and optimum charge termination algorithms
that can be programmed into the utility power control
systems.

Test cells (75A15, 525 Ah) have been received and
are completing initial conditioning cycling; and except
for a unit to perform frequency cOntrol/spinning reserve
testing, all of the equipment necessary to conduct
baseline utility profile simulations on the current
ABSOLYTE design is installed and operational. The
test discharge profiles have been developed with input
from the utility participants in this contract and include
constant current, constant power, and various sinusoidal
power profiles with durations ranging from 0.25 to 8 hr.
The several discharge regimes are enumerated in Table
3-5.

Ground Fault Elimination

By their nature, utility-based battery energy storage
systems will be large in capacity and operate at relative-
ly high dc voltages. As such, ground faults could pose a
serious safety risk to operators and utility personnel.
Furthermore, they can lead to premature failure of a
portion of the battery because all of the battery charging
voltage could be borne by the cells between the ground
fault point and the facility ground.

ABSOLYTE battery modules at present have cells
contained in steel modules that have a baked-on, pow-
dered polyester paint. To aid with thermal management
and to achieve the desired compression on the celt plate-
stack, the jars of the cell are placed in intimate contact
with the walls of these steel modules. This design has
performed very well and has resulted in modular racking
configurations that save significant floor space in large
battery installations. There have been instances, how-
ever, where electrolyte from a cell has leaked out and
established a conductive path to the steel module, result-
ing in a ground fault. The occurrence of ground faults
can almost always be traced to a manufacturing defect
or user abuse. By preventing electrolyte leaks and
reducing the effects of electrolyte leakage should they
occur, the impact of ground faults in a BESS battery can
be avoided.

GNB’s technical approach is to develop cell sealing
techniques that will drastically reduce the occurrence of
electrolyte leaks, and to evaluate battery module con-
structions thal will not allow a ground fauh to arise even
if an electrolyte leak should occur.

Electrolyte Fill Control

In an absorbed electrolyte VRLA cell such as
ABSOLYTE, the electrolyte volume is computed to pro-
vide the desired capacity while being fully absorbed by
the plates and the fiberglass mat separator system. An
inadequate supply of electrolyte will reduce the cell’s
capacity; however, an excess supply of electrolyte will
impair the efficiency of the recombination reaction and
provide free liquid electrolyte that can leak from the
cell.

A fill-by-weight method has been developed and
implemented at one of GNB’s manufacturing facilities
to demonstrate the viability and reliability of such a
system. The system automatically controls the amount
of electrolyte added to each cell by measuring the dif-
ference in weight between the dry cell and the cell after
the electrolyte has been added. The system is program-
mable to allow easy changeover between cell sizes and
to make minor adjustments to enhance calibration ac-
curacy. The system has been operational for several
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Table 3-5. Thermal Management Product Characterization

Discharge Recharge CV Voltage
Discharge Regime (hr) Profile (vPc) Days on Test

Constant Current 8,3,2,1 cl/cv/cl 2.25, 2.30,
and 2,35

Sinusoidal Power, Pure 8,3,2,1 Cllcvlcl 2.35
Sinusoidal Power, Lagging 8,3,2,1 cl/cv/cl 2.35
Sinusoidal Power, Leading 8,3,2,1 cl/cv/cl 2.35
Constant Power 8,3,2,1 cl/cv/cl 2.35
Dual Peak Sin. Power, Pure 3,2,1 cl/cv/cl 2.35
Dual Peak Sin. Power, Lagging 3,2,1 cl/cv/cl 2.35
Dual Peak Sin, Power, Leading 3,2,1 cl/cv/cl 2.35
Sinusoidal Power, Pure 0.25, 0.5 cl/cv/cl 2.35
Sinusoidal Power, Lagging 0,25, 0.5 cl/cv/cl 2.35
Sinusoidal Power, Leading 0.25, 0.5 cl/cv/cl 2.35
Constant Power 0.25, 0.5 cl/cv/cl 2.35
Dual Peak Sin. Power, Pure 0.25, 0.5 Cllcvlcl 2.35
Dual Peak Sin. Power, Lagging 0.25, 0.5 cl/cv/cl 2.35
Dual Peak Sin. Power, Leading 0,25, 0.5 cl/cv/cl 2,35

A test plan to evaluate VRLA batteries under utility load profiles has been developed.

All tests will monitor cell voltage, float current, temperature, cell pressure, time, and power.

Notes:
● Initial Cl charge step will be at 18 A/100 Ah; finishing Cl step will be at 2 A/100 Ah.
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20
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6

● All discharge~will b“ecalculated to achieve 80% DO~ except the second discharge for the dual discharge which will be at 50%
DOD.

● All sine wave testing will be done using a stepped power approximated waveform with 30 steps.

months, during which time factory rejects due to excess
electrolyte fill have been virtually eliminated. The
capability of the fill-by-weight system is shown in Table
3-6; the 6-sigma value (f 3-sigma) for the process is less
than 2.5% of the target fill weight. ‘l%e process on
average fills each cell to within greater than 99.590 of
the target fill weight.

This effort is deemed to have been completed.

Heat Seal Improvements

l%e cover-to-jar seal in the ABSOLYTE design is
made by a heat-sealing method that bonds the plastic
cover to the thin-wall plastic jar. In the process, a bead
of plastic forms at the joint between the cover and the
jar. To ensure a tight fit and for cosmetic reasons, this
bead was being removed by a trimming operation. This
trimming process, it was discovered, sometimes ex-

posed porosity “inthe plastic weld bead that, in turn, gave
rise to electrolyte leaks and subsequent ground faults.

A second step taken to ensure the leak-tightness of
a VRLA cdl to be used in a utility BESS application was
to implement a bead smoothing machine that melts and
smooths the heat seal bead against the cover-to-jar seal
rather than cutting it away. The shape of the smoothed
bead was developed as shown in Figure 3-10 to allow
cells to be fitted tightly into the battery tray module
without interfering either with other cells in the module
or with the module wall itself. With the bead smoothing
operation and using an ultra-sensitive leak detection
technique (described later in this section), a leak rate of
4% for cells having the manually trimmed heat seal bead
was reduced to 0% among a group of 300 sampled cells.

This effort is deemed to have been completed.
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Table 3-6. Results of ABSOLYTE II Automatic Electrolyte Fill by Weight Study

Battery Battery Electrolyte Var. From
Dry Wt. Filled Wt. Weight Target

Filler Number ~~~ ‘?/0

1 14480 18400 3920 0.15

2 14545 18475 3930 0.18

3 14665 18625 3960 0.19

4 14420 18365 3945 -0.02

5 14635 18590 3955 0.18

6 14580 18525 3945 0.16

7 14650 18570 3920 0.35

8 14460 18430 3970 -0.08

9 14680 18610 3930 0.34

10 14670 18645 3975 0.14

11 14510 18460 3950 0.06

12 14410 18360 3950 -0.06

13 14510 18465 3955 0.04

14

15

16

17

18

19

20

21

14565

14485

14855

14605

14620

14440

14430

14550

18490

18435

18775

18545

18545

18375

18370

18475

3925

3950

3920

3940

3925

3935

3940

3925

0.23

0.03

0.58

0.21

0.29

0.04

0.01

0.21

A fill-by-weight process was implemented to increase the accuracy and consistency of electrolyte filling. The equipment is
capable of filling a VRIA cell to better than 1% of the specified value.

Leak Detection Improvements

Improved processes, such as the fill-by-weight and
heat seal bead-smoothing technique, described above
will improve the reliability of VRLA cells to meet the
high standards for utility BESS operation; however, it is
neeessary to verify that these proeesse-s remain in con-
trol and continue to produ~ leak-tight cells, Initially
the seal integrity of GNB’s ABSOLYTE cells was 100%
tested by applying an air pressure of 30 psi and observ-
ing pressure decay over time using an accurate pressure
gauge. With time, it was determined that this method
was accurate in identifying cells only with very large
leaks. A more rigorous leak test method was then in-
stituted in which each cdl was subjected to the air

pressure test while submergtxl in water. The production
operator mnducting this test could identify leaks not
only at the cover-to-jar seal but also at the terminal
bushing seals by looking for a stream of bubbles
originating from the leak site. Even with this improve-
ment to the inspection test, cell leakage was being iden-
tified in the field after installation and operation of the
battery for several years. Historical information indi-
cates that during the first three years of operation of a
battery, the identification of new cell leaks occurs at a
rate of approximately 0.05%/yr and that by the fourth
year of operation for a battery the incidence rate for
identifying new leaks has dropped to 0.01%. Overall,
we estimated that during the 20-yr lifetime of the bat-
tery, and despite having passed a rigorous air pressure
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Figure 3-10. Bead Smoothing Process. This process

seals porosity in the heat seal bead formed when join-

ing the cover to thejar. The process that trimmed this

bead by cutting sometimes exposed “micro” holes

thmmgh which electrolyte could leak

test during manufacture, 0.2% of the cells would
develop an electrolyte leak that could create a ground
fault condition.

me technieal approach taken in this task assumed
that the leaks that sometimes appeared several years
after installation and start of operation of the VRLA
battery were present during manufacture but were un-
detectable using the methods employed to test for leaks.
These “micro” leaks existed, however, and over time the
electrolyte slowly worked its way out through these
leaks. A technique having a higher degree of detection
capability is required to identify these “micro” leaks.

It was calculated that sulfuric acid cannot wet open-
ings 1 micron or less in size. Furthermore, the calcu-
lated flow rate of a test gas through a 1 micron opening
is 0.0001 cdsec. A leak detection deviee that uses the
test gas and a mass spectrometer detection system was
identified as being capable. The levels of detection at-

tainable using such a device are compared to that
achievable using an air pressure test in Table 3-7.
Clearlysuch a device can detect leak rates several orders
of magnitude lower than those that could result in an
electrolyte leak path.

One of these leak detection systems was installed at
GNB’s Fort Smith manufacturing facility and made
operational. A test gas flow rate of up to 0.00001 w/see
has been established as the acceptance rate for cells.
Any cell tested that exhibits a test gas flow rate greater
than this limit is subjected to an underwater pressure test
to locate the leak; appropriate repairs are made and the
cell retested to demonstrate compliance with the accep-
tance criteria.

Prior to any of the seal improvement approaches
discussed in this section, the initial in-plant cell leak
detection rate using the air pressure test under water was
1.2?6; the detection rate increased to 7.5% with the
introduction of the special gas leak detection equipment.
The process improvements that were introduced as the
result of this developmental task (namely, electrolyte
fill-by-weight and heat seal bead smoothing) were ob-
vious, and the current in-plant cell leak detection rate
using the ultrasensitive gas flow detection system is now
running at 0.35%. These improvements in process and
detection have made great strides to increase system
reliability of VRLA batteries in utility BESS applica-
tions.

The effort in improving the electrolyte-filling, heat-
sealing, and leak-detection processes for VRLA cells
has been completed.

Battery Tray Modifications

The trays that house VRLA cells in a battery instal-
lation are typically made of steel and are coated with a
powdered polyester paint to provide corrosion resis-

tible 3-7. Capabilities of Leak Test Methods

Detection Limit
Method (cc/see)

Air-Pressurized Bubble Test 2X10-4

Special Gas-Pressurized Bubble Test 1X104

Special Gas Accumulation Test 1X1O*

Vacuum/Special Gas Tracer Test 1X10-9

Various leak detaction methods were assassed to identify a manufacturing test to assure that VRLA cells are leak-tight. Sulfuric
acid cannot leak through a hole 1 micron or less in size;the flow rate of a test gas through a 1 micron hole is .001 cc/see.
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lance and to insulate the cells from the tray. This coat-
ing can be attacked if sulfuric acid should leak from the
cell, leading to the development of a ground fault. In
addition, tray corrosion is unsightly and undesirable.
The technical approach to this task is to evaluate more
protective coatings and alternative materials from which
the tray could be fabricated to prevent the occurrence of
ground faults.

A more stable and corrosion-resistant tray coating
has been identified-an electrostatically applied epoxy
coating. This “E-Coat” is superior to the present paint
in salt fog tests. Coated steel coupons have been re-
ported to survive ten times longer than painted coupons.
Salt fog tests conducted on steel ABSOLYTE battery
trays showed painted trays failing in less than 48 hr,
whereas the E-Coated trays showed no visible signs of
attack when the tests were terminated after 100 hr. The
cost of this coating, however, is significantly greater
than the polyester paint and goes against the overall
objective to obtain a lower cost battery system for the
BESS application. The E-coat finish is only available in
a black color. GNB feels that the improvements made
in the electrolyte filling, cd sealing and leak detection
processes could reduce the importance of an improved
coating to prevent ground faults.

Other tray materials are being investigated not only
to resist corrosion and ground faults but also to aid in
thermal management and to reduce the overalt weight of
a BESS installation. Aluminum has 4.3 times greater
thermal conductivity than steel. Despite the fact that an
aluminum section must be 44% thicker to achieve the
same strength as steel, the heat transfer from an
aluminum tray will be approximately three times (i.e.,
4.3/1 .44=3) better than from a steel tray. The weight of
an aluminum tray would be only about one-third that of
a steel tray. Once again, the technical benefits of in-
stalling the VRLA cells into an aluminum tray must be
weighed against the added cost. Although fabrication
costs for steel and aluminum are approximately equal,
aluminum stock material costs about five times more
than steel and could increase the cost of the battery tray
by as much as 30% over the current steel assembly.
Prototype aluminum trays are being fabricated so that
the thermal benefits can be quantified and compared
with the standard steel configuration. It is expected that
fabrication and coating of these trays will be completed
during October 1992.

A nonmetallic tray is also being pursued for its acid
resistance and high dielectric strength (over 500 V/roil).
Thermal conductivity deficiencies will have to be over-
come by incorporating a suitable hole pattern in the tray
walls to allow convective heat transfer. Although
ground faults can be virtually eliminated using a non-

metallic tray, the tray walls will have to be nearly double
in thickness to achieve the same strength as steel. Like
the aluminum tray, a reinforced plastic tray will weigh
only about 38% that of the steel tray. GNB is having
prototype glass-reinforced, flame retardant, polyolefin
trays fabricated in a proof of concept effort to evaluate
the convective heat transfer and structural integrity
characteristics of a nonmetallic battery tray. Prototype
plastic trays are expected to be completed during
October 1992.

Plate Paating Proceaa Control

A principal source of vanability in the performance
of lead-acid batteries is the thickness of active material
and density in the plates used in the cell. In addition to
the variation in total active material available, variations
in plate thickness in VRLA cells can lead to non-
uniform compression of the absorbent glass mat
separator within the plate pack of the celt. Too little
compression will result in high cell resistance and low
capacity; too much compression will result in separator
saturation, which will reduce the efficiency of the
oxygen recombination cycle. Variation in cell-to-cell
performance in battery systems that have a thousand or
more series and/or parallel connected cells, typical in
utility load/power management applications, can result
in the lower capacity celts being reversed on discharge.
Such reverse charge conditions can cause irreversible
damage to the cell.

Plate thickness and weight control are being sought
through the use of a “fixed orifice paster” (FOP). The
FOPS have been in use in the manufacture of automotive
batteries for several years, but have never been success-
fully used in the pasting of the larger and thicker in-
dustrial battery plates that would be utilized in the
manufacture of VRLA batteries for utility BESS ap-
plication. In the FOP, the size of the orifice determines
the thickness of the pasted plate, and paste is evenly
applied to both sides of the grid as it travets through the
orifice.

A FOP was acquired by GNB and installed at
GNB’s Fort Smith manufacturing facility, and equip-
ment debugging was started. The initial pasting runs
demonstrated the improved control of plate thickness
and plate weight that the FOP provided in comparison
with the standard belt type pasting equipment. These
comparison data are provided in Table 3-8 and show that
the FOP provides almost four times better plate thick-
ness control and 2.5 times better weight control than the
standard belt pasting system.

In spite of an intensive debugging effort by en-
gineering and manufacturing personnel and several
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Table 3-8. Pasted Plate Improvement
Comparison of Belt Paster and FOP

Belt (%) FOP (%)

Plate Thickness

Standard Dev. 3,7 1.0

3 Sigma Range 22.2 6,0

Plate Weight (DRY)

Standard Dev. 1.8 0.7

3 Sigma Range 10.8 4.2

A FOP has significantly greater control over pasted plate weight and thickness than a belt-type paster.
The FOP system, however, requires greater maintenance than a belt paster, and FOP-produced plates
have unacceptable levels of cracks and voids.

modifications to the equipment, the machine has not
proven reliable or “user friendly” in a production en-
vironment. Irreconcilable problems with obtaining a
dried pasted plate free of voids and cracks, which un-
favorably impact cell high rate discharge performance,
and maintenance and operational issues associated with
the equipment itself have caused GNB to abandon the
fixed orifice paster as a viable manufacturing process
within the time frame of this project. It has been
decided that subsequent active material and pasting ef-
forts within the time frame of this contract be conducted
using a belt-type pasting system.

Positive Active Meterial

The positive electrode active material has a signifi-
cant effect in determining the life of a lead-acid battery.
The positive plate in a lead-acid battery is considered to
be the “workhorse” plate because the positive active
material undergoes much greater crystal structure and
morphology changes than the negative active materials
during discharge/charge cycling. In addition, the
anodic electrochemical potentials at the positive plate
cause corrosion of the positive grid alloy.

The precursor lead oxide from which the lead
dioxide positive active materials are formed can affect
the life and capacity characteristics of the positive plate.
Fine particle oxides provide high utilization/high
capacity plates; coarse particle oxides provide greater
lifetime, but normally with lower initial capacity. The
objective of this subtask is to increase the cycle life of
ABSOLYTE batteries by forming a positive plate using
an alternate precursor oxide.

The starting oxide in the current ABSOLYTE
designs is a red lead/lead monoxide (PbsO@bO) mix-
ture that reduces the energy rquired for plate curing and
electrochemical formation, and yields post-formed cells
having initial discharge apacities of greater than 90%
of rating. GNB currently uses leady oxide, a lead
monoxide containing approximately 25% unreacted
“free” lead in some flooded lead-acid and small (less
than 100 Ah) VRLA batteries. More energy intensive
curing and formation processing are required for plates
made with this oxide. The resultant cells, however, do
achieve increased cycle lifetimes due to the stronger
positive active material developed by this oxide and its
processing steps. GNB’s approach is to modify leady
oxide paste formulations, curing profiles and formation
regimes to provide a positive plate which can be used in
a VRLA construction with improved cycle life
capabilities. Plates will be characterized at each
process step with respect to composition, crystal struc-
ture, porosimetry data, and surface area; electrical char-
acterization will include capacity/rate determination,
deep discharge cycling, float charge, Tafel overcharge
relationship, open circuit storage, and cell reversal.
Upon successful validation, the best combination of
material formulation and processing will be incor-
porated into the ABSOLYTE designs to achieve the
long cycle lifetimes required for utility applications.

The leady oxide positive active material develop-
ment task was to utilize the improved pasting capa-
bilities derived from the fixed-orifice pasting equip-
ment. Start of work on this specific subtask was held up
until the FOP became fully operational. Because of the
difficulties encountered in the start-up of the FOP and
the subsequent decision to discontinue the implementa-
tion of it within the time frame of this project, GNB will
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begin the experimental work related to the development
of the leady oxide positive active material using a belt-
type pasting process to produce the plates. This effort
wilt begin during October 1992.

Task 1. Phase 2: VRLA Battery
Advancements

Cell Design

This subtask consists of two parts: an intermediate
cell design that is evolutionary in nature and seeks to
increase the 8-hr capacity of the existing ABSOLYTE
cells, and an advanced design that is revolutionary in
design and seeks to maximize the short power capability
of VRLA cells for utility power regulation applicat-
ions.

Intermediate Design (ABSOLYTE PLUS)

The 8-hr rated capacity of ABSOLYTE II cells can
be increased as much as 17% by a re-optimization of the
quantity of active materials provided in the cell. Al-
though the volume of the cell remains the same and the
weight actually increases slightly, the improvement in
deliverable capacity still increases the overall specific
energy (Wh/kg) and the energy density (Wh/1) of the
cell.

A group of 30 test cells representing six different
ABSOLYTE sizes containing the re-optimized active
materials balance was fabricated and placed on test to
determine performance improvements. A typical com-

parison of the intermediate design cell compared to the
same physical size ABSOLYTE 11 celt at several dis-
charge rates is provided in Table 3-9. Although the
measured improvements were as much as 50% greater at
specific discharge rates, the 1796 capacity improvement
between current and intermediate designs is a realistic
estimate that allows for manufacturing variations and
early life aging effects. Testing of the prototype cells is
continuing to develop Pcukert’s plots, which compare
discharge runtime as a function of the discharge rate
(current).

Advanced Design (LSB)

Present ABSOLYTE batteries are designed to pro-
vide sustained long duration discharges typical of ener-
gy storage applications. These batteries do offer sig-
nificant reductions in battery footprint, space, and
weight when compared to conventional flooded
electrolyte lead-acid batteries. Yet, with a battecy op-
timized for high-power applications, even greater
savings in battery footprint, space, and weight can be
achieved for power regulation applications. The ad-
vanced design battery has this as its objective.

High-power applications require batteries that have
very low internal resistance. A~ordingly, the advanced
design battery seeks to reduce the resistance of all cell
components so that the total cell resistance is decreased.
The battery components that were subject to analysis
and improvement as part of the advanced battery design
effort include the intercell connectors, terminals, plate
straps, lugs, grids, active material, and the electrolyte-
separator system. GNB completed the development of

Table 3-9. Performance Comparison
Intermediate Design vs Current Design

Support Time (hr)

Current Design Intermediate Design
Discharge (ABSOLYTE 11) (ABSOLYTE PLUS)

Current cut-off 75A-1 3* 88A-1 3* %0

(A) Voltage Rating Data Improvement

50 1.88 8 10.00 25.0

80 1.75 6 6.75 12.5

115 1.90 2 3.00 50.0

300 1.75 0.8 1.10 37.5

The performance of the current ABSOLYTE VRIA design can be improved by a readjustment of the active materials in the cell.
Preliminary data indicate that capacity delivered can be increased 12 to 17% at all discharge rates.
● Designates model number from GNB product line.
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such an advanced design battery optimized for short
duration, high power applications (frequency control
and spinning reserve, for example) under an IR&D pro-
gram. Implementation of this advanced design is being
carried out under this contract with SNL.

The GNB advanced design cell uses a sleeve as the
jar and two covers (one at each end of the sleeve) to form
the cell container. The covers are sealed to the jar
(sleeve) by a heat-sealing process. The cell terminats
are at opposite ends, one through each of the two covers.
Positive and negative straps are molded into their
respective covers. When the jar-to-cover seal is made,
the plate lugs fit into pre-made slots in the strap. The
plate lugs are subsequently fused to the strap using an
inert gas welding process. In the design, the bond be-
tween the plate lugs and the terminal strap is both the
current conducting path and the electrolyte/gas seal.

The initial implementation efforts for this design
centered on the development of the FOP to provide
plates with little variation in weight and thickness. The
first prototype cells fabricated delivered the predicted
low-rate (C/20) discharge performance, but failed to
deliver adequate run times on the high-rate constant
power discharge tests. Several more past ing and forma-
tion runs were conducted to improve the high rate per-
formance, but results, although somewhat improved,
still fell short of expectations for the design. The volt-
age of the prototype cells when discharged under high-
rate constant power conditions dropped significantly
lower than that expected of the design (Figure 3-11)
indicating that a high-resistance component exists
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Figure 3-11. Initial High Rate Discharge Testing of the

Advanced Design (LSB) VRIA. A greater than ex-

pected voltage drop was exhihited. Modifications to

the grid design and improved active material to grid

contact are expected to imptmve high-rate voltage

hold UP.

within the fabricated cell. GNB suspects that this high
resistance resides in the pasted plates used in these
prototype celts. Grid design modifications and further
experimentation with paste formulation and the pasting
process are planned for the first quarter of FY93.

Copper Negative Grid

Historically, lead has been used as the grid material
for the negative plate grid. The principal considerations
in the selection of a lead alloy, or for that matter any
material, to be used as the negative plate grid are over-
potential characteristics and strength; corrosion resis-
tance is not a major consideration. Lead is a poor
electrical conductor, and other materials, copper for ex-
ample, with higher conductivities could improve the
high-rate discharge performance of the lead-acid bat-
tery. Although the copper substrate would have to be
coated with lead to provide chemical corrosion resis-
tance, the lead-coated copper grid would still sig-
nificantly lower the cell’s internal resistance, increase
energy density, improve charge acceptance, achieve a
more uniform current distribution over the length of the
plate, reduce polarization, and improve active material
utilization.

Copper is an ideal candidate as a negative grid
substrate because it is an excellent conductor, is readily
available, and can be worked and fabricated into forms
that can be used in a battery configuration. Copper has
a specific electrical resistance 1/12 that of lead, and
when compared on a per-weight basis, the electrical
resistance is less than 1/16 that of lead. Thus, cells
incorporating lead-plated copper negative grids should
have considerably better performance, especially at high
discharge rates.

One risk of incorporating copper into a lead-acid
cell, however, is the possibility of contamination. Cop
per is a known contaminant, and the deleterious effects
of copper on the performance of lead-acid batteries are
well known. The rate of self-discharge of a lead-acid
cell is greatly accelerated by the presence of copper in
the electrolyte. A crucial technical aspect of any effort
to incorporate a lead-coated copper grid in a lead-acid
cell is to ensure the integrity and porosity-free nature of
the lead coating. GNB is aware of two processes under
development to fabricate negative grids containing a
copper substrate. Hagen Batteries AG (West Germany)
has a commercially available copper-stretch-metal
(CSM) process that is very similar to expanded lead
grids used in the manufacture of automotive batteries.
GNB has licensed this technology from Hagen for use in
flooded electrolyte batteries. The second process is a
co-extruded wire technology that forms a dense and
virtually pore-free coating of lead around the copper
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wire core. A grid structure then is fabricated by either
weaving the wire or assembling it into a plastic or lead
frame.

At this point in the contract effort, no activity has
taken place on this project. It is planned, however, that
GNB will evaluate these concepts to determine perfor-
mance improvements as well as to assess the potential
risks from contamination by the inclusion of a copper-
based negative grid into a VRLA cell.

Positive Plste Design

Three of the most basic factors that limit a lead-acid
cell’s cycle-life and float life are positive grid corrosion,
damaging changes in the positive active material (PAM)
structure, and the format ion of passivating films at the
PAM-to-grid interface. Additionally, modifications to
the positive paste to produce increased PAM utilization
almost invariably cause reductions in cycle life. This
project explores changes in positive grid altoy to lower
positive grid corrosion, and the potential benefits of
PAM additives to improve PAM stability and utiliza-
tion.

Positive Grid Alloys

Selection of a positive grid alloy requires evaluation
of corrosion resistance, grid growth, tensile strength,
and gassing characteristics, as well as its behavior in a
cell to establish cycle and float performance and oxygen
recombination efficiency when used in a VRLA design.
Several experimental grid alloys mentioned in the litera-
ture and conceived by GNB’s technical staff are being
evaluated in comparison to the MFX alloy currently
used in the ABSOLYTE design. Results from the grid
corrosion tests showed lower corrosion rates than the
MFX alloy control, but also showed greater grid growth
than the MFX alloy in three of the four experimental
alloys (Figures 3-12 and 3-13). This behavior suggests
that grid strength may be tm low and might adversely
affect processing and hence cell life. lle alloys were
subjected to tensile testing and a review of the data
showed no correlation between ultimate tensile and grid
growth as shown in Figure 3-14. Additional alloy vari-
ations were tested, but no alloy composition tested
provided any significant improvement in strength.

Test cells using alloys AD- 1 through AD-4 and the
MFX control were placed on a float charge regime to
establish appropriate recombination behavior, a critical
factor for VRLA cells. Cycle and float life testing will

II GRID CORROSION TEST 1

II
GRID CORROSION RATE - PERCENT OF MFX

!1
,, 120-~ —. .—

MFX AO-4 AD-3 AB2 AD-1

Figure 3-12. Several Grid Alloy Compositions. These compositions were tested to identify an alloy with better cor-

rosion resistance that the MFX alloy currently used in theABSOLYIll design. The charts show some alloys with

excellent corrosion resistance.
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Figure 3-13. Grid Corrosion Test, Grid Growth. The same alloys that demonstmte excellent corrosion resistance
either exhibit about the same or greater growth resulting fmm awrosion. Excessive grid growth can cause loss of

capacity and case deformation.
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Figure 3-14. Grid Corrosion Test, Grid Growth vs Ult. Tensile Strength. Unexpectedly, there was no correlation

between the observed grid growth during corrosion and the tensile strength of the alloy metal. Alloy evaluation re-

quires both mechanical characterization and corrosion characterization.
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commence once the recombination behavior has been
established.

Plate Additives

The purpose of a plate additive is to help stabilize
the PAM structure during cycling. A stabilized struc-
ture will allow an increase in plate porosity and, there-
fore, permit an increase in active material utilization
without sacrificing cycle life. The approach that GNB
is taking assumes that the incorporation of materials
whose crystal structures are isomorphous with beta lead
dioxide (i.e., identical crystal structure with similar lat-
tice dimensions) will act as nucleating sites for lead
dioxide formation during charging. In essence, the ad-
ditive should behave as a beta lead dioxide particle size
regulator that will help the PAM maintain surface area,
porosity, and pore size. Examples of possible materials
include tin, titanium, and ruthenium dioxides; addition-
ally, one natural form of silicon dioxide has this struc-
ture. The lattice parameters for these materials are
provided in Figure 3-15.

A compilation has been made of the electrical
re,sitivities for several materials proposed as additives to

lead-acid cells (Table 3-10). This information shows
that almost all potential additives should increase the
electrical resistance of the fulty formed PAM; however,
some additives may lower the resistance of the un-
formed positive material, leading to higher formation
efficiency. Also, some additives may help relieve mass
isolation by providing conductive bridges to the current
collector network and help stabilize low-rate cycling
capacity. If the conductive additive is isomorphous
with beta lead dioxide, it may indirectly lower the
PAM’s resistance by causing an increase in the particle-
to-particle contact area in the PAM structure. Among
conductive materials, only some conductive oxides and
vitreous carbon remain stable in the PAM during charg-
ing. Carbon blacks, graphites, and unmodified “Buck-
minister Fullerenes” all oxidize in the positive during
formation or charging. The rcsistivity data indicate that
only ruthenium dioxide may directly help PAM conduc-
tivity, but its comparatively low oxygen overvoltage,
high cost, and toxicity impair its acceptability as an
additive.

Almost all organic materials eventually decompose
when left in contact with the positive active material
during charging. This instability limits the PAM binder

——

ISOMORPttOUS CRYSTALSTRUCTURES with t3ata%02

k#tkmml”n#L_L

Pb=o* Pbo2= 4.= 3.37
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RIJ.&~ RU02. 4.4s 3.11

s 90.41: alt+ w 4.18 2.64
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Figure 3-15. Positive Plate (Alloys/Paste Additives). Additives that may potentially stabilize the positive electrode

active material stmcture should have a Iattim stmcture similar to Pb02. Examples of compounds that meet this

critem”onare shown.
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Table 3-10. Comparison of Material Resistivities

Resistivity,
@/cm (20”C)

Material Typical Range

Copper

Aluminum

Titanium Oxide (Derivative)

Cadmium

Nickel

Tin

Solder (67/33)

Lead

Ruthenium Dioxide

Antimony

316 Stainless Steel

Mercury

Lead Dioxide

Bismuth

Neg. Pellet

Pos. Pellet

Carbon (Graphite)

Tin Dioxide (Doped)

Tin Dioxide

Titanium Dioxide (Doped)

Carbon Blacks

Sulfuric Acid (30.6%)

Carbon (Diamond)

Tkanium Dioxide

Plastics

Lead Monoxides

Silicon Dioxide

Polytetra fluoroethlyene

Cu

Al

Tioy

Cd

Ni

Sn

Pb/Sn

Pb

Ru02

Sb

Fe/Cr/Ni

Hg

Pb02

Bi

Pb (Sponge)

Pb02 (PAM)

c

Sn02 (Doped,Sb,F)

Sn02 (Natural)

Ti02 (Doped,Ta)

c

H@04 (Aqueous)

c

TI02
Pe, PVC,
Polystyrene
PbO

Si02

PTFE

1,7

2,7

4.0

7.2

6.8

11

16

21

40

40

72

96

100

110

183

2,130

1,375

700

Var

100,000

100,000

1,300,000

270,000,000

Var

Var

Var

1E+20

1E+22

1.68

2.65

3

6.8

6.8

11.0
NA

20.6

30

39.0

NA

95.8

92

107

NA

1,000

800

500

45,000

NA

NA

NA

NA

2,900E+6

1E+13

1E+14

NA

NA

1.72

2.80

1000

7.6

9.5

11.5

NA

22.0

300

41.7

NA

98

300

120

NA

7,400

1,400

20,000

1E+12

NA

NA

NA

NA

91 ,000E+6

1E+22

1E+22

NA

NA

Various materials are potential candidates as additives to a lead-acid cell. These materials and their resistivities are listed.
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options. Further, the true densities of most plastics ver-
sus lead dioxide force a disproportionate volumetric
displacement in the PAM. For example, a one-weight
percent substitution of polyester fibers for lead dioxide
in the positive pellet represents about a seven weight
percent removal of lead dioxide. If porosity remains
constant, the PAM utilization must increase about 290
for the plate to deliver the same Ah capacity. Since the
binder adds nothing to plate conductivity and does not
increase porosity, a 2% increase in PAM utilization
becomes highly unlikely. Among plastics, the relative-
ly high densit y of fluorocarbon materials (PTFE, PVDF)
and their stability make them good candidates as a
binder additive. According to the literature, the op-
timum PTFE paste loading is in the range from 0.059.
weight percent to about 0.3 weight percent.

Preliminary selection of material types for incor-
poration in cell builds has been made and will include at
least one cell lot of each of the following material types:
tin oxides, fluorocarbons, and a titanium dioxide deriva-
tive. Determination of the additive levels and the
method of their incorporation into the positive paste will
be finalized in the fourth quarter, 1992.

Electrolyte Immobilization

The present ABSOLYTE design contains an ab-
sorbent glass mat that serves as a plate separator as well
as the means of electrolyte immobilization. By and
large, this glass mat has worked very wetl; however,
there are some disadvantages. The most important dis-
advantage is material cost, which is the primary reason
for the higher cost of VRLA cells. Another limitation is
the wicking height of the glass mat, which limits cell
height, as installed, to 24 in. or less. This task is inves-
tigating lower cost alternatives to the existing fiberglass
mat separator used in VRLA cells. Also, improvements
in electrolyte distribution are being sought that will
improve “wicking height” and/or provide regions for
oxygen recombination even when the cell element is
essentially flooded with electrolyte. The investigations
will involve the evaluation of vendor-supptied separator
samples and performance testing of cells containing
materials that pass the initial screening tests.

The approach to achieve a low cost material is to
develop a composite plastic low fiberglass content
material. The earliest samples provided, when as-
sembled into test cells, failed due to electrolyte strati-
fication that correlated with a low wicking height.
Since then, only materials that exhibit acceptable wick-
ing heights are even being considered for additional cell
testing. To date, the separator supplier has completed
two materials iterations, and a slight improvement in
wicking height capability has been observed, but not

sufficient to compare with the current all-fiberglass
material. In addition, the supplier has been requested to
test the oxidation resistance of any non-glass materials
to prove that the organic components will not suffer
excessive degradation when the separator is in contact
with the cell’s positive plates. Additional samples are
anticipated from the separator supplier with improved
wicking capabilities.

Manufacturing Processes

Manufacturing labor (direct) constitutes less than
10% of the cost to manufacture a lead-acid cell. A
major contributor to cell costs is factory overhead,
which is allocated on the basis of direct labor. Overhead
alhxation can be reduced by reducing direct labor; but
overhead itself can be decreased by increasing through-
put and achieving a high degree of process efficiency
and control. A critical process in the fabrication of
VRLA cells is welding of the terminal post/bushing seal.
Improved quality of this process is evidenced by better
conductivity through the terminal weld and fewer cases
of leakage paths at the bum interface as identified using
the gas leak detection system discussed previously.

The approach of this task is to evaluate automated
terminal welding techniques to improve quality and in-
crease production throughput. Two methods were
studied: an induction heated post terminal fusion
(IHPTF) method and a tungsten inert gas (TIG) method.
‘he studies showed that thermal control could not be
maintained using the IHPTF method, and therefore, the
TIG method was selected to be implemented into
production. The equipment was procured in the second
quarler of 1992, and process development and equip-
ment debugging were initiated. The work identified re-
quired changes to both the equipment and the terminal
parts. The adaptation of this equipment to the current
ABSOLYTE product has been completed and has
demonstrated improvements in both quality of the ter-
minal bond and seal integrity.

Task 2. Baseline Design and
Economics Study

In addition to the effort to improve battery perfor-
mance, GNB has also teamed with PG&E and PREPA to
develop the requirements for the battery system and to
conduct the economic analysis of battery storage ap-
plications in utility networks using existing and ad-
vanced lead-acid battery designs.

The host utility participation is being coordinated
through UMR. UMR is conducting the baseline concep-
tual designs of the battery systems to meet each of the
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host utility application requirements. The designs
developed by UMR would be used in ~rforming the
ewtomic analysis for each host utility. PG&E intends
to use the battery at substation sites, where the battery
would shave the peak from the substation feeder during
peak demand periods. This mode of operation extends
the life of the substation transformer as well as con-
tributing to reducing the overall utility system peak.

PREPA is interested in battery storage for system
frequency regulation and spinning resewe. PREPA is
currently installing the first of several 20-MW batteries
that will eventually meet their network requirements.
Their participation in the GNB contract as a host utility
demonstrates their interest in using advanced lead-acid
battery technology for subsequent battery installations.

Specifications and Design Requirements

The BESS, in particular the VRLA battery and the
PCS, must be specified considering the uniqueness of
each application. Specific features of the appli~tion
wilt impact performance and design charactenst ics of
the equipment required. In fact, the application itself
may require further definition or optimization before
specifying the battery equipment. The two host utilities
have individual and differing battery system require-
ments.

PG&E’s objective is to evaluate battery storage
technology as an option for distributed storage. The
design specification is not unique to a particular site; but
rather, it is a broad specification that would be appli-
cable, with a minimal amount of redesign, to a large
number of locations within PG&E’s distribution system.
The BESS is planned to be a modularized, standardized
design, capable of meeting storage requirements on a
wide variety of distribution feeders. In order to allow
the distribution planners the greatest flexibility, the
design will take a modular approach with regard to both
the battery and the PCS to accommodate varying power
and energy needs to each site.

For the purpose of this specification, the unit battery
is defined as a group of celts interconnected to provide
a 544-kW dc output for 2 hr at the end of the battery’s
useful lifetime. The unit PCS is defined as having a
nominal rating of 500 kVA. Several of the unit batteries
may be paralleled on the dc side of the converter so that
the nominal power rating could be achieved for a longer
period of time. Using this approach, the base unit (i.e.,
one unit battery and one unit PCS) will have a nominal
rating of 500 kVA for 2 hr.

The preliminary design analysis and specification
for this modularized VRLA battery storage plant for
PG&E has been prepared by, in conjunction with PG&E,

the Electrical Engineering Department of the UMR and
is incorporated in this report.

The PREPA application is spinning reserve (SR)
and area regulation (AR). In the case of SR, sizing of
the battery is straightforward, given the required dis-
charge time and the power level. To properly size a
battery for the AR application, a typical power profile is
required. The PREPA specifications for a “Rapid
Reseme Battery” have been recently provided to the
UMR and will be used to begin the development of a
model to size a VRLA battery for this application
scenario.

Baseline Conceptual Designs

To quantify the economic benefits of the AB-
SOLYTE battery system in selected utility applications,
it is necessary to perform a conceptual level design of
the entire battery facility and to develop facility costs
based on that design. A lead-acid BESS is conceptually
simple in its design, but requires careful attention to the
major equipment interfaces, as well as proper selection
of the battery and the PCS for the intended application.
Standardized designs for energy storage battery systems
do not exist. The major components that must be ad-
dressed in the conceptual design are the battery, the
PCS, and the BOP.

The battery subsystem includes the individual
ABSOLYTE battery cells, connections between the
cells, cell support racks and/or module containers, in-
strumentation, and other accessories as required. The
battery subsystem design is an iterative selection of cell
size, number of celts, and the number of paralleled
strings to obtain the required capacity and voltage. The
discharge rate. and capacity are determined by the sys-
tem specification as discussed in the previous subsec-
tion. Battery voltage depends on the anticipated power
level for the plant and compatibility with existing PCS
equipment and dc switchgear. The voltage will be max-
imized and the number of parallel strings minimized to
reduce cost and complexity of the dc switchgear. GNB
will provide battery pricing information for the battery
subsystem selected through this iterative design process.
The layout of the battery subsystem will maximize ener-
gy footprint (ft2) while meeting maintenance and safety
code requirements and structural constraints.

l%e PCS interfaces the dc battery to the ac utility
system and controls the charge and discharge of the
battery following a cmntrol signal that sets power level
and direction of power flow. This signal can be prepro-
grammed in the facility control system or may be ini-
tiated by the utility system dispatcher. Suitable PCS
equipment is available from a number of suppliers but
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must be custom-designed for the application. Specific
PCS requirements will be determined in cooperation
with the utility and will consider other factom, including
power quality, black start capability, response time, and
efficiency and reliability. Despite being custom fabri-
cated, reasonably accurate estimates of cost are avail-
able, since a sufficient number of orders for similar
equipment have now been processed by several of these
suppliers.

In a fully operational plant, the battery and the PCS
are augmented by the civil, structural, mechanical, and
electrical support systems making up the BOP. These
include a building, thermal management systems
(HVAC), instrumentation, safety systems, auxiliary
power systems, and other auxiliary equipment. Ex-
perience gained in the design of battery plants for the
San Diego Trolley Project and the Chino Battery Energy
Storage Proj@ will be utilized to estimate the BOP for
a utility VRLA battery storage plant. The experience
with the San Diego Trolley Project will be especially
valuable, as this project also utilizes a VRLA battery.

Economic Analyses

The cost study of a battery energy storage plant
must consider the initial capital costs, operating costs,
and maintenance costs. Capital costs include the cost of
the battery cells, the PCS, and the BOP. Operating costs
include the cost of the energy to charge the battery, the
cost of auxiliary energy consumption, and the cost of
replacing battery cells at the end of their life. Main-
tenance costs include servicing the battery and perfor-
mance monitoring, with some additional costs for other
equipment and facility maintenance. The analysis will
compare the conceptual design scenarios with other
methods to provide the energy at the selected utility
locations.

PG&E has selected the Stockton Division as an area
with potential for economic battery energy storage. It
has a number of planning areas that meet the criteria of
high area specific marginal costs and low growth rates.
Resulting from meetings between PG&E R&D person-
nel and the Sr. Planning Engineer in the Stockton
Division and four of the Distribution Planners, two p6-
sible planning areas within their Division, Corral and
Lodi, were selected for further study. Two additional
planning areas in the Sierra Division (Mountain Quar-
ries and Bear River) were recently identified and
likewise will be included in the economic analyses for
battery energy storage.

Further examination of the Corral and Lodi plan-
ning areas in the Stockton Division indicates that the
two sites should prove to be of considerable interest

because they illustrate two different types of system
loading problem. At one, a BESS would defer costly
transmission upgrades, while at the other, it may defer
construction of a new substation. The specific situa-
tions at these two sites are reviewed in a later section.

VRIA Battery Storage Plant Preliminary Design
Specification for PG&E

Design Concept

PG&E’s objective is to evaluate battery technology
as an option for distributed storage. Therefore, the
design specification is not unique to a particular site.
Rather, it is a broad specification that would be ap-
plicable, with a minimal amount of redesign, to a large
number of locations within PG&E’s distribution system.

The BESS will be a modularized, standardized
design, capable of meeting storage requirements on a
wide variety of distribution feeders. To allow the dis-
tribution planners the greatest flexibility, the design will
take a modular approach with regard to both the battery
and the PCS. For the purposes of this specification, a
unit battery will be defined as a group of celts intercon-
nected to provide a 544 kW dc output for 2 hr at the end
of the battery’s useful life. A unit PCS is defined as
having a nominal rating of 500 kVA. Several of the unit
batteries may be paralleled on the dc side of the con-
verter so that the nominal power rating could be
achieved for a longer period of time. Using this ap-
proach, the smallest system (i.e., one unit battery plus
one unit PCS) will have a nominal rating of 500 kVA for
2 hr.

For the baseline conceptual design, a 2-MVA plant
size is required. It shall be met by the combined output
of four unit batteries and four PCS units. Atthough a
lower cost might be achieved for a single installation by
specifying the design for a single converter and battery,
the modularized approach is believed to result in a lower
overall cost for several systems installed with differing
ratings due to the standardized design.

For example, subsequent installations may contain
one to four of these converter/battery units paralleled on
the ac side. While most feeders may benefit best from
larger battery systems, there may be several cases where
500 kVA is adequate. Also, the small unit size permits
greater flexibility for distribution planners.

Market Assumptions/Coat Estimates

Costs will be estimated for both the first and second
plants with no assumptions about multiplant orders or
timing of orders. Thus, all the engineering costs will be
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allocated to the first plant. For the second plant, only
minor engineering costs for size and site-specific
modifications will be included, for example, to design a
modified foundation for different soil conditions.

The salvage value of all components, particularly
the PCS, will be estimated after a useful life of 5 yr.

System Requirements

Duty Cycle

The battery will be operated in one basic mode
during discharge: deep discharge for peak shaving ap-
plications. In this mode, the system should be capable
of 60 deep cycles/yr, defined by a block load of 2 MW
(500 kVA per unit battery/PCS) for 2 hr. Actual deep
discharge profiles will likely be load following as shown
in the example profiles, Figures 3-16 and 3-17. The
system, operated in the mode described above, should
have a minimum calendar life of 5 yr and a minimum
cycle life of 300 cycles. Normally, the battery will be
charged during the least cost periods. Su~r off-peak is
from 1 AM to 5 AM. Off-peak is from 9:30 PM to 1 AM,
and from 5 AMto 8:30 AM.

Uti/ity hterface Requirements

The utility short-circuit MVA at the 12-kV point of
connection is limited to 300 MVA for 3-phase faults.
The nominal utility system voltage at the point of con-
nection is 12.47 kV, 3-phase and 60 Hz. During normal
conditions the utility grid system voltage vanes as fol-
lows:

“ Frequency: 59.9 to 60.1 Hz

● Line-to-Line Voltage: 12.47 kV z 10%

7000

6300
1 “n 1

2.5001 I
(1 5 10 Is m --25

Figure 3-16. Peak Load Day Profile.

● Voltage Unbalance: tz.s~. of the average of
the three phases

The utility’s protection requirements shall be in
accordance with PG&E’s Power Producer’s Intercon-
nection Handbook.

PCS Performance Requirements

The PCS shall be designed in modular building
blocks. The power rating of each unit PCS shall be
500-kVA ac continuous. At rated power, the PCS shall
be capable of operation at a power factor of 0.95 lagging
or greater above 20% rated output (charge or discharge
mode). Unity power factor operation is desired. The
minimum efficiency of the PCS at full load discharge
shall be 92%.

The PCS shall be capable of operation in the ap-
propriate dc voltage range so as to properly interface
with the battery.

All necessary self-protective features and self-diag-
nostic features should be incorporated to protect the
PCS and battery from damage in the event of component
failure or from parameters beyond safe operating range,
due to internal or external causes. Each PCS shall shut
down under the following conditions:

● Utility undervoltage: PCS shutdown to occur
when voltage drops below 9070 of nominal
voltage for 5 sec.

● Utility overvoltage:
stantaneously when
of nominal voltage.

PCS shutdown to occur in-
voltage rises above 11O%

1200-! ———
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HourofDay

Figure 3-17. Battery Discharge Profile.
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●

●

●

●

●

●

●

Utility underfrequency: PCS shutdown to
occur when frequency is 58.5 Hz or less for 2
sec.

Utility overfrequency: PCS shutdown to occur
when frequency is 61.0 Hz or more for 15
cycles.

PCS overtemperature

Smoke and/or Fire

Loss of Control and Data Acquisition System
(CDAS) power

Control (CDAS) voltage out of range

Islanding or Run-On: Shutdown shall occur
within 1Sec of loss of utility power.

PCS-generated harmonics at the system’s ac inter-
face at rated power shall not exceed:

● a total harmonic current distortion of 5%

● a single frequency current distortion of 390

● a total harmonic voltage distortion of 3%

● a single frequency voltage distortion of 1Yo.

The ac output of each PCS should be 480-V wye
connected to accommodate standard transformers used
to step up to the nominal distribution voltages of 12.47
and 21 kV.

VRLA Baf?ery Requirements

The battery shall be designed in modular building
blocks. Figures 3-18, 3-19, and 3-20 illustrate the
PG&E unit battery concept. Each building block is
called a “unit battery.” One to four unit batteries maybe
paralleled on the dc side of the PCS to allow longer
discharge durations.

The unit battery’s available capacity at end of life
when discharged for 2 hr to 1.75 V/cell (average) shall
be 2 hr * 544 kW = 1088 kWh. The end of life is defined
as the time when the unit battery can provide only 80%
of its rated (new) capacity. Thus, the new unit battery
shall have a rated capacity of 1088/0.8 = 1358.7 kWh.
(To ensure that discharges of 500 kW for 2 hr can be met
on the ac side for each of the 300 cycles over the 5-yr
life of the batteries.)

The nominal open circuit voltage of the unit battery
(at 2 V/cell) shall be 654 V dc. The unit batteq shall
consist of 5 parallel strings of 327 batteries in series,
each battery having a nominal rating of 2 V. The maxi-
mum cell voltage (at end of charge) shall be 2.35 V dc.
The unit battery’s maximum voltage shall be 768.45 V

4I
I BATIERY CABINETS 5.25’

1

37.125’ ‘+
BATIERY CABIN~S 5.25’

+

Figure 3-18. Top View of PG&E Unit Battery.

Figure 3-19. Side View of PG&E Unit Battery.

[1247 kVSUS
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Figure 3-20. Electrical Diagram of the PG&E Unit

Battery.

dc. The minimum cell voltage (at end of discharge)
shall be 1.75 V dc. The unit battery’s minimum voltage—
shall be 572.25 V dc.

The battery shall be dischargeable to a depth of
approximately 8070 of its rated 2-hr capacity out to its
EOL 10 ensure that 300 cycles of 500-kW can be
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delivered for 2-hr each. The round-trip energy efficien-
cy at the dc terminals of the battery shall be not less than
80% under the proposed 24-hr duty cycle. The battery
shall be capable of 300 complete discharge and charge
cycles. Its minimum calendar life shall be 5 yr.

Maximum fault current of one string shall be 24,000
ADC shorted to OV dc or 12,858 A dc shorted to 1 V dc.
Maximum fault current of the unit battery shall be
120,000 A dc shorted to O V dc or 64,290 A dc shorted
to 1 V dc.

Balance of Plant

The BOP concept refers to the structural, mechani-
cal, and electrical support systems (excluding the bat-
tery and PCS) required to operate the battery energy
storage facility. The BOP includes the following sys-
tems and equipment:

“ Battery building

● HVAC System

● Auxiliary power system

● Fire protection system

● Control and Data Acquisition System: A
remote CDAS, shall be provided. It shall inter-
face with the PG&E SCADA system.

The CDAS system shall provide for the following:

“ Charging of the battery during the specified
time intervals in accordance with the manu-
facturer’s requirements.

● Discharging of the battery in accordance with
the application.

● Giving complete charge and discharge control
to the utility via the SCADA interface. Modes
of charging and discharging should include
utility defined and programmed algorithms that
can accommodate time-of-day, manual over-
rides, and load following based on real-time
(SCADA) data inputs.

The CDAS system shall monitor the following:

● battery voltage and current

● battery kWh and Ah

● ac power, energy, voltage, and current

● hydrogen levels and alarm

● fire detection and alarm

● battery ground fault detection and alarm

● room and outdoor temperature and humidity.

For selected cells, the CDAS shall monitor tempera-
ture, voltage, current, and cell internal pressure.

For ac power equipment, the plant shall include an
utility pad mount 480-V Y/l 2-kV delta transformer, and
ac switch gear and overcurrent protection equipment.
Power equipment (de) will include dc bus work, and dc
switchgear and overcurrent protection equipment.

Physical Site Characteristics

Since the design must be applicable to a wide
variety of sites, a specific site is not included in the
specification. However, a large number of sites may
prove to be promising for battery energy storage at
PG&E, and these cover the spectrum of environmental
conditions that exist throughout the PG&E system.
They include hot, dry desert climates with cold winters
and little precipitation, as well as areas in the Sierra
Nevada mountains that receive hundreds of inches of
snow per year. The data given below therefore repre-
sent the extremes, summer and winter, that can be found
in the entire PG&E area.

●

●

●

●

●

●

●

●

●

Ambient Air Temperature:

- Design Maximum 120”F dry bulb

– Design Minimum 12°F dry bulb

Dust: Moderate

Humidity: 100% maximum, 63% annual mean

Seismic Loads: UBC Zone 4 (not simultaneous
with wind loads)

Wind Loads: ANSI A58. 1,80 mph exposure

Rainfall: 11 in./yr

Snowfall: 100 in./yr

Available Space: up to 1/2 acre. (However,
land costs and space availability, especially in
urban settings, are primary considerations.
Therefore, every effort should be made to min-
imize the “footprint” of the facility and keep
the plant size small. PG&E has requested that
the designers explore alternatives to existing
battery cabinets in design tradeoffs to reduce
the footprint of the system.)

Soil Conditions are the following:

– Bearing capacity: TBD

– Compaction: Compacted gravel

– Stability: TBD
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Batfery Sizing

To achieve a 2-hr discharge to a final voltage of
1.75 Vpc, four unit batteries will be used for the first
installation to obtain the4-MWh output. (Unit battery
designed using GNB’s MSB-2460 module).

pcaeff = 0.92 = PCS one-way efficiency during
discharge.

discharge: = 2 hr = discharge time in hours

Pat: = 500000 W = unit battery’s desired output ac
power for 2 hr.

eolfactor: = 0.80 = % capacity at end of battery’s life.

Let size = the necessary unit battery size for 2-hr
application. Then,

pac. discharge
‘Ize = pcseff” eolfactor

size = 1.359”106 Wh

Now we can figure the number of cells needed to
achieve the desired size.

avgVpc: = 1.98 = Average Voltage/cell for 2-hr
discharge

Ah: = 70 =35 A*2ttr

celloutput: = avgVcp”Ah

celloutput = 138.6; Wh = the output of a single cell at
2-hr rate.

Then the number of cells can be found by:
size

numbercells: = numbercells = 9.803”103
Celloutput

numberbatteries: =
numbercells

6
numberbatteries =

1.634”103

Since there are 40 batteries in a cabinet, the number
of cabinets is:

numberbatteries
numbercabinets: =

40
numbercabinets

= 40.846

Thus, we need 41 cabinets for a unit battery.

Battery Siting Study - Stockton Division

The two planning areas under consideration for bat-
tery siting in the Stockton division are Lodi and Corral.
‘Ihe Lodi area includes seven substations and encompas-
ses the vicinity of the cit y of Lodi located about 10 miles
north of Stockton. Corral is a single substation area
located on the outskirts of the Lodi area, directly east
across the Calaveras county line.

Lodi Planning Area - Colony Substation

The Colony substation (Figure 3-21 ) is in the north-
ern portion of the Lodi area, and is weakly connected to
the bulk of the circuits in the southern portion. The
whole of the Lodi area is forecasted to be overloaded by
1995 if no capacity is added. A new substation is due to
be installed in 1993 in the North Stockton area that will
solve the capacity problems for southern Lodi, but not
Colony in the north. The growth around the Colony
substation will rquire the replacement of an existing
6.5-MVA transformer bank with a new 16-MVA bank in
1995. There are a few conventional (but costly)

scenarios being considered to handle the problem:

● Simple upgrade of the transformer connected to
the same 60-kV transmission line (which is it-
self nearing capacity) to which the existing
bank is tied. In this case, the division might
have to support the costs for upgrades required
on the 60-kV system as a result of upgrades at
Colony.

● Install a 16-MVA, 115/21-kV transformer at
Colony, and connect to a separate 115-kV
transmission line located about three miles
from the substation. This would require install-
ing 115-kV poles and line for the three-mile
distance and some upgrades to the existing 12-
kV distribution feeder to accommodate 21 kV.

, Existiw 12-kV CirCUit

1 I I

I

To Lodi

/

\ Colony Substation

.—-—-. .—-—
Now connection to 115 kV

60 kV

Figure 3-21. PG&E Colony Substation.

l15kV
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Battery Solution

As a planning alternative, a battery located near or
at the substation could defer the conventional upgrades
for 2 to 3 yr. The load profile on the Corral substation
is not especially sharp during peak days. The profile is
the primary limitation of this site as it significantly
limits the length of the deferral for a given size battery.
The circuits out of the substation are not very long, so
there was no emphasis placed on locating the battery
down the line for voltage support or reactive power
compensation. The value in this case study is in the
illumination of scenarios where even a relatively small
transformer upgrade can require costly transmission
work.

Corral Planning Area and Substation

The Corral substation (Figure 3-22) is electrically
and physically distant from surrounding substations.
The transformer (rated 11 MVA) load is from a single
12-kV feeder whose main circuit travels in a northeast
line to North Branch substation. The two substations
are isolated with one of several switches along the 12-
kV line. However, the 0.75 MW/yr growth in the Corral
area is being met by locating the open-switch point
closer to Corral, which effectively transfers more and
more load to the distant North Branch substation. By
1995, the capacity at Corral will need to be increased
since the load transfers will have exhausted the capacity
available from North Branch. The alternatives are as
follows:

● Upgrade to 16-MVA transformer bank. This
solution is again hampered by capacity con-
straints on the transmission (60-kV) line
feeding the substation.

“ The solution preferred by the planning engineer
is to build a new substation at Valley Springs,
about halfway between Corral and North
Branch. This would be a multi-million dollar
project in 1996.

Battery So/ution

The battery in this case would be located between
two substations but closer to the load center in the Corral
vicinity. The effect of the battery would be to shift the
open-switch position back towards North Branch. The
open-switch position could be shifted over the 2- to 3-yr
deferral period to maintain safe loading on either substa-
tion. Both substations’ peak profiles are sharp and
occur simultaneously. The planning engineer also said
that the location of the battery may be suitable for reac-
tive power voltage support.

V* SPlew, NortiIBranch

5@9k0
. . . .

mod s-

~ C.mns.

%U&lchLacmlnm
T. w

Figutw 3-22. Corral Substation.

Applied Research - SNL

GNB is designing a sealed lead-acid battery to meet
the short-duration, high-power discharge requirements
of an electric utility. The battery’s hydrogen vent as-
sembly employs a molded ethylene-propylene-diene
monomer (EPDM) rubber that compresses under a
specific pressure and provides an escape path for the
gas. GNB found that after storage periods of 6 mo, the
rubber tended to adhere to the valve edge, causing vent-
ing pressures 60% greater than the designed relief pres-
sure. It is betieved that this problem is caused by chemi-
cal attack of the rubber by the battery electrolyte. SNL
is investigating two approaches to improving the
reliability of the vent. In the first instance, a plasma
process has been used to both apply chemically resistive
coating to the plug and to generate a plasma that may
crosslink the surface of the rubber and increase its
modulus. In the second instance, the use of e-beams has
been investigated to crosslink the surface of the plug.

Plasma processing provides a convenient method to
apply a pin-hole free, thin coating to a variety of sur-
faces. Three sets of plugs were supplied by GNB. The
first set was coated with plasma-polymerized siloxane,
the second set was coated with fluorocarbon, and the
final set was exposed to a radio-frequency (RF_)-
generated gas plasma that was designed to crosslink the
surface of the rubber. The three sets of samples were
sent to GNB for environmental and performance testing.

In an attempt to crosslink and thereby harden the
surface of GNB’s EPDM plugs, three of these plugs
were exposed to an e-beam source under vacuum at an
average dose rate of 28 MRadsmr. These conditions
were chosen on the basis of previous work with gamma
rays in which increases in moduli of ethylene-propylene
rubber (EPR) due to crosslinking were observed. While
the structure of EPR is similar to that of EPDM, it should
be noted that these are two distinctly different formula-
tions; GNB’s EPDM-based plugs were much softer than
the EPR rubber used in the gamma ray experiments. As
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shown in Figure 3-23, exposure of GNB’s rubber plugs
to a flux of e-beams resulted in a decrease in modulus at
the surface rather than the expected increase. As the
e-beam was attenuated as a function of depth, the
modulus approached that of the virgin material. Ap-
parently, under these conditions of exposure, chain scis-
sion type mechanisms predominated over crosslinking.
Possible explanations for these results are 1) the GNB
rubber is inherently prone to chain scission and conse-
quently softens upon exposure to the e-beam irradiation;
the tendency of GNB’s plugs to undergo chain scission
rather than crosslinking may be due to additives; 2) the
conditions chosen were not optimum for crosslinking;
the conditions used in these experiments could have
been either too mild or too severe. Since replacement of
GNB’s rubber is not an option, SNL proposes to ir-
radiate the rubber under mild conditions (low tempera-
ture) and severe conditions (high temperature). If pos-
sible, the effect of reducing the energy of the e-beam
source may also be explored.

2.0

(

1.5

1.0.

0.5

0.0

I I I

❑

•1

❑

top
section

, I

O virgin stopper I

middle
section

o 2 4 6 8

mm into sample

Figure 3-23. l%e Modulus of the Virgin Stopper and E-
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4. Zinc/Bromine Project

Zinc/bromine batteries are attractive candidates for
utility applications because they offer two to three times
the specific energy of lead-acid batteries, have suffi-
cient power, operate at near room temperature, are
capable of being recycled, can be built at low cost, and
have potentially long lifetimes. The zinc/bromine bat-
tery is composed of three parts: the cell stack, the reser-
voirs, and the auxiliary pumps, controls, and piping.
The electrolyte solutions are continuously pumped in
separate circulation systems through the anode and
cathode chambers of the cell stack. During charge, zinc
is plated on one side of a bipolar electrode, while
bromine is formed on the other side. The bromine
quickly forms a complex with quaternary ammonium
ions in the electrolyte, and this complex separates, form-
ing a second, denser phase. During discharge, the
electrode reactions are reversed. The cell stack is com-
posed of a number of bipolar electrodes and cell
separators with monopolar terminal electrodes on each
end. The electrodes are made from electrically conduct-
ing carbon plastic and are thermally welded into a flow
frame. The flow frame contains the channels and open-
ings used to carry the electrolyte to and from the
electrodes. The flow frames are thermally welded
together forming a hermetically sealed cell stack. Rigid
endblocks are placed outside the terminal elatrodes to
minim ize the deflection when electrolyte is pumped
through the stack under pressure.

The objectives of the JCBGI contract are to design,
fabricate, evaluate, and optimize a zinc/bromine battery
system suitable for electric utilities. In Phase 1 of the
program, which was completed in December 1991, the
soundness of the battery technology was shown. In
Phase 2, new larger cell stacks optimized for an electric
utility battery will be constructed. Fortunately, zinc/
bromine battery technology is readily scaled to different
sizes. However, the production of a battery with dif-
ferent size electrodes requires a complete new set of
plastic injection molds and tooling.

Engineering development tasks are on schedule.
The modeling and spreadsheet work is essentially done
and now can be used to size battery parts and predict
performance. Work on electrodes, separators, and
bromine electrode activation layers is ongoing. Success
in these programs will mean improved battery perfor-
mance or lower cost, but these improvements are not
critical to the overatl project. Laboratory battery testing
is confirming the advantages of recent changes to the

welding process, and new information is being collected
on cycle life, stand loss, no-strip cycles, temperature
effects, zinc loading, etc. Miniature cells have been
developed to facilitate investigations into zinc plating,
flow rates, etc. New flow frame models are being writ-
ten to study the pattern of electrolyte flow across the
cells.

An 8-cell (1-kWh) SOA battery station and a twin
50-cell stack (15-kWh) improved SOA (ISOA) station
were tested at SNL.

A study of the durability of carbon plastic
electrodes was completed, and a project to develop new
bromine completing agents was started.

Technology Development - JCBGI

The objective of the zinc/bromine technology
development is to develop and evaluate low-cost, long-
life prototype modules that demonstrate the perfor-
mance required for utility applications. This task is
being conducted primarily through a cost-sharing con-
tract with an industrial partner, JCBGI. The objective
of the JCBGI program is to extend their technology from
mobile designs to a utility design and to develop, fabri-
cate, and evaluate a 100-kWh utility battery system.
SNL is responsible for technical direction of the
development contract and additionally performs evalua-
tions of ~ntract deliverables. The 39-mo program with
JCBGI was initiated in August 1990 and is organized
into two 18-mo technical phases followed by a 3-mo
reporting period. Because satisfactory technical
progress was made during the first phase, the second
phase was initiated during the second quarter of FY92.

The major tasks of this contract are as follows:

Phase 1

1. Demonstrate leak-free battery stacks

2. Demonstrate steady long-term operation by achiev-
ing over 100 cycles with c1O% drop in energy
efficiency

3. Achieve energy efficiencies of -75%

4. Demonstrate adequate performance with six con-
secutive, no-strip cycles
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5. Verify battery cost of $ 150/kWh or less

6. Address safety issues associated with the battery

Phase 2

1. Develop, design, fabricate, test, and deliver a 100-
kWh Battery System

The core development program is on schedule. The
modeling and spreadsheet work is essentially done and
now can be used to size battery parts and predict perfor-
mance. Work on electrodes, separators, and bromine
electrode activation layers is ongoing. SuWess in these
programs will mean improved battery performance or
lower cost, but these improvements are not critical to the
overall project. Laboratory battery testing is confirm-
ing the advantages of recent changes to the welding
process, and new information is being collected on cycle
life, stand loss, no-strip cycles, temperature effects, zinc
loading, etc. Miniature cells have been developed to
facilitate investigations into zinc plating, flow rates, etc.
New flow frame models are being written to study the
pattern of electrolyte flow across the cells.

An 8-cell SOA battery station was delivered at the
beginning of the project. Later, a twin 50-cell stack (15
kWh) ISOA station was delivered in February 1992.
This battery included most of the technology improve-
ments and will demonstrate the capabilities of
zinc/bromine batteries for electric utility operation.

justment of the flow rate. This simplifies the electrolyte
circuit because valves are no longer needed to modulate
the pump output.

Ststus of S-Cell Battery Testing

A summary of the significant 8-cell battery tests
follows:

Vi-53 - This 8-cell battery completed 324 cycles
before reaching a 10% decline in energy efficiency as
shown in Figure 4-1. After 325 cycles, the performance
began dropping drastically. Testing ended when the
voltaic efficiency declined as the residual inefficiency
increased. This resulted in a decrease in the coulombic
and energy outputs. These observations were attributed
to degradation of electrode activity at the cathode. The
battery was tom down after cycle 346.

Vi-54 - This battery was initially used for zinc
loading tests with high-efficiency electrolyte, and was
later switched to a more conductive electrolyte and per-
formed baseline cycles for the remainder of the testing.
After a total of 279 cycles, the efficiencies had declined
beyond 10% as shown in Figure 4-2. On teardown, the
zinc plating appeared smooth, with no dendrites.
Several separators were blistered in local sections,
which indicated possible dendrite growth into the

I

Battery Fabrication and Testing

Stack and Battery Aaaembly

The cell stack manufacturing process has under-
gone continual improvement during the year. Some of
these improvements include better fixturing methods
(during the welding process), changes in separator
cleaning, and a refinement of the thermal welding
parameters. A larger fusion welding machine was in-
stalled and the welding process transferred to it. An
automated data collection system that records the
parameters of the assembly operation was initiated as
part of long-term quality control.

A number of 8-cell and 50-cell stacks were
produced during the year. Several problems that led to
defective cell stacks were found and fixed. In general,
the cell stacks are now reliably leak-free.

Attention has shifted to other features of the battery
system. The heavy ac motors attached to the circulation
pumps are being replaced by brushless dc motors. The
motor rpm (revolutions per minute) is controlled by a
pulse width modulator circuit that enables efficient ad-
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Figure 4-1. Cycle-Life Efficiencies for 8-Cell Battery
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separator. Thiswas notsurprising inviewofthe battery
history of high zinc loading tests. Based on the tcar-
down observations and the battery performance, it is
concluded that VI-54 failed due to degraded cathode
activity.

VI-55 - This 8-cell battery maintained steady
baseline cycle energy efficiencies for 365 cycles before
declining. The coulombic efficiency remained virtually
constant through the 365th cycle, while a steady decline
in the voltaic efficiency was observed. The cycle ef-
ficiencies for VI-55 are shown in Figure 4-3.

VI-55 was dismantled at a full state of charge. The
zinc plating quality was poor. However, a cracked im-
peller was found in one of the circulation pumps, and the
electrolyte was found to be contaminated with iron,
nickel, and copper ions.

Battery cell stacks VI-56 through VI-69 were used
mainly to test new cathodes and assembly techniques
and to qualify a new welding apparatus. Cell stack VI-
57 was sent to SNL as a deliverable where it became
SNL #5 18.
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50-Cell Battery Results

Baftery Performance

The following large battery cell stacks were built
with 50 cells:

VL-14 - This cell stack was torn down after 114
cycles while still operating acceptably to study the zinc
distribution after a set of no-strip cycles. The observed
efficiencies at cycle 114 were coulombic, 87.090; vol-
taic, 82.3?10;and energy, 71 .6Y0.

VL-15 and VL-16 - These cell stacks were built to
test large stack manufacturing procedures. They were
operated in a parallel configuration and after 19 cycles
had returned a coulombic efficiency (CE) of 90.5%, a
voltaic efficiency of 86.3%, and an energy efficiency of
77.6%. They are now being tested separately.

VL-17 and VL-18 - These large cell stacks were
found to have been built with defective electrodes and
have been cycled only to test out cell stations.

VL-19 and VL-20 - Delivered to SNL and operated
as battery SNL #526.
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Effect of Orientation on Battery Performance

The results of tests of vertical vs horizontal stack
orientation using VL- 15(50) have shown no preference
for either orientation. Multiple cycles without stripping
were carried out as shown in Table 4-1. The flow was
reversed periodically while the cell stack was in each
orientation.

High-Voltage Cycling (50-Cell Stacks in Series)

Itis often advantageous in a high-power discharge
to use as high a voltage as possible to keep the current
low and thus be able to use low-current leads and con-
nections. A 15-kWh battery station (VL-17 and VL- 18)
was used to test the ability to charge battery stacks
mounted in parallel and then to discharge them in series.
For this test, the electrolyte circulation lines were con-
nected with the cell stacks in parallel. The battery was
charged with the stacks in parallel, and then the stacks
were electrically reconnected in series and discharged
without changing any of the plumbing connections. The
battery appeared to operate normally. The voltage was
doubled and the current cut in half as expected when the
electrical connections were changed. There were no
signs of any problems or difficulties during the test.

Minicell Battery Tests

The minicells are half-size batteries consisting of a
single cell made with one terminal electrode panel in-
stead of the double panels used in the V-design batteries.
They are sealed with a gasket. These cells were specifi-
cally built to investigate different separators, electrolyte
compositions, plating additives, etc. They are especial-
ly useful because the cell can be opened during a cycle
and the zinc plating inspected. Then the cell can be
closed and the test continued.

Current Density

The effect of charge current density on efficiencies
is given in Figure 4-4 for a single cell battery. The zinc
loading at each current density was kept constant at 90
mAh/cm2. The CE appears to increase as the current
density is raised to 40 mA/cm2 and then drops off slight-
ly. The increase is expected due to the shorter amount
of time available for bromine transport at higher current
densities. The decrease at current densities above 40
mA/cm2 may be due to rougher zinc plating. The main
effect tends to be a decrease in voltaic efficiency due to
higher resistances associated with the increased current
density. This also causes a corresponding drop in ener-
gy efficiency.

Separator Testing

MiniCells have been used to test various separators.
The standard zinc/bromine separator was coated with
two different materials by two different suppliers.
These coated separators are compared to the standard
and to an experimental extruded separator in Table 4-2.

One of the chemical coatings (#1) appeared to
slightly improve the properties of the standard
separator, primarily by lowering the transport inef-
ficiency. The other coating (#2) made the separator
much worse than the original. The reason for this ap-
peared to be that bromine severely attacked this coating
as seen by the coating being partialty dissolved and
pulting away from the separator.

The experimental separator pformed fairly well,
but not as well as the standard separator material. This
was expected because the bromine transport and resis-
tance of this material were not as good as the standard;

Table 4-1. Cell Stack Orientation VI-15(50)

Vertical Orientation (Conventional)
Cycles CE% VEYO EE% Trans% Resid%

Baseline 86.2 84.1 72.5 6.4 7.4
Six No-Strip 90.6 84.9 77.0 7.4 2.0

Horizontal Orientation
Cycles CE% VE% EE% Trans% Resid%

Baseline 86,3 84.1 72.5 7.9 5.7
Six No-Strip 90.8 84.9 77.1 7.6 1.6
Six No-Strip 90.7 64.8 76.8 8.0 1.3
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also, the experimental separator was not very uniform in
appearance.

Results of Other Testing

In addition to standard high-efficiency duty, an
electric utility battery should also be able to fit other
needs. This section describes the work under way to test
under another relevant discharge regime, the Simplified
Frequency Regulation/Spinning Reserve (SFR/SR).

Background

The SFR/SR discharge is a simulation of electric
utility, SES duty modeled from the PREPA BESS. The
frequency regulation part of the SFR/SR calls for series
of constant power discharge steps set at three different
powers. When the SOC falls to 76%, the discharge is
stopped, and the battery is given a full recharge; then the
discharge is started again. The basic test lasts for 160
min and is repeated 54 times or until 6.5 days have
elapsed. Then a rapid discharge is performed which
simulates spinning reserve.

Zinc/Bromine Setup

New cyclers that will be fully capable of performing
the SFR/SR have been ordered and received at JCBGI.
Meanwhile, the controlling Simplified Federal Urban
Driving Schedule (SFUDS) program in the SNL cycler
was modified to apply frequency regulation steps in
place of the existing steps. There is a total of 32 five-
minute steps in each frequency regulation set. The fre-
quency regulation test calls for three power levels: C1.5,
C2.5, and C7.5. The three power levels were set to the
values listed in Table 4-3 calculated for an 8-cell stack
with high-efficiency el~trolyte.

Two tests were carried out in which a fully charged
battery (90 mA/cm2) was run until the battery was fully
discharged. Each test lasted about 30 hr. The results

Table 4-2. Experimental Separators Tested in Minicell

Chemically Chemically
Separator Type Standard Coated (#1) Coated (#2) Extruded

Coulombic % 86.4 88.4 59.8 82,1
Voltaic Y. 80.2 79.3 75.5 77,0
Energy % 69.3 70.1 45.1 63.3
Transport % 11.4 8.9 33.4 15.6
Residual Y. 2.2 2.4 6.8 2.3

Table 4-3. Constant Power Discharge Steps

Power Level Zn/Br Battery W(kg) 8-Cell Battery (W)

c1 .5 43 632

C2.5 27 396

C7.5 9 132
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listed in Table 4-4 showed that the average efficiency
was nearly the same as in baseline constant current
cycles run before and after. The CE was slightly lower,
and the voltaic efficiency was higher than in the baseline
cycles. Both of these effects were probably the result of
a freshly deposited layer of bromine, generated in the
previous step, on the bromine electrode surface as the
battery was discharged.

Recharge Added

The frequency regulation test was modified to in-
clude a periodic recharge as in the SFR/SR. After es-
timating that the 76% SOC would be reached after ap-
proximately three sets of steps, the controlling program
was changed to add 20 Ah of constant current charge at
that point. The second phase valve was set to open on
discharge and to close on charge automatically.

Several frequency regulation tests were attempted
using battery stacks VI-50 and Vi-64. The battery volt-
age increased after each charge as seen in Figure 4-5, the
results of one test. Due to an error in the controlling
program, each charge was twice as long as it should
have been and battery VI-64 was significantly over-
charged. The voltage can be seen to be increasing from
set to set in Figure 4-5.

Battery V1”-50, with high-efficiency electrolyte,
was cycled several times using the frequency regulation
steps, but each cycle terminated at about 45 to 50 hr (full
test = 156 hr) because of cycler malfunction. The
efficiencies of two cycles, shown in Table 4-5, are not
similar to the efficiencies of baseline cycles. The num-
ber 53 and 54 baseline cycles may be low in efficiency
since the cycler did not maintain a set current and had to
be stopped and restarted several times.

Concern

These initial trials revealed a concern that rquired
changes in the SFR/SR test. The high power recharge
‘pulse of CP/l.5 for 5 min was too high for the battery as

20

18

16

: 14
-1

2 12

10

8

6
0 500 1000 1500 2000

Time (rein)

Figure 4-5. Frequency Regulation Test Using 8-Cell

Battery VI-64.

it was configured. The battery voltage would often in-
crease above the 2.1 V/cell and stop the test. The Cp/l.5
discharge step was not a problem for the battery. There-
fore, in these tests, the recharge step was changed to
Cp/2 for 8 min to give the same number of Ah but at a
slightly lower voltage. There are other strategies to
lower the voltage on charge that could be investigated in
the future; a supporting salt could be added, the circula-
tion rate could be momentarily increased, or the battery
could be designed with higher power in mind by
decreasing the internal resistances.

Zinc-Loading Study

The effects of increasing the Ah loading by extend-
ing the charge has shown that the coulombic, voltaic,
and energy efficiency performance remained essentially
unchanged between loadings of 90 to 115 mAh/cm2 for
battery V1-54. Tests extending the loading up to 155
mAh/cm2, frotn the baseline cycle value of 90 mA/cm2,
showed a slight decline at the higher levels. The ef-
ficiencies also declined at lower zinc-loading levels of

2 The efficiencies recorded during the45 mAh/cm .
loading study are shown in Figure 4-6.

Table 4-4. VI-64 Frequency Regulation Discharge

CEYO VE% EEVO Hourst

FR-Cycle 47 82.2 84.9 69.7 36.1
FR-Cycle 49 79.2 64.0 67.9 28.0
Average Baseline* 84.0 82,4 69.2 —

● Averageoffourcycles,tTime to 8-V cut-off, FR = Frequency Regulation
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Table 4-5. V1-50Frequency Regulation Efficiencies

CE% VE% EEYo Trans% Resid%

Cycle 47 Baseline 87.1 80.8 70.4 8.9 6.1
Cycle51 SFRSR 77.0 84.2 64.8 17.9 5.1
Cycle 52 SFRSR 78.6 83.6 65.7 14.8 6.6
Cycle 53 Baseline 82.2 76.4 62.8 9.2 8.6
Cycle 54 Baseline 76.0 79.3 60.3 16.1 7.9
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Figure 4-6. Effect of Zinc Loading on Etliciency

Measured in 8-Cell Battery VI-54.

The nature of the coulombic losses varies as the
loading changes. At low loading, the residual inef-
ficiency percentage is high because the Ah remaining at
the end of discharge are constant. Therefore, if fewer
Ah are charged, the relative inefficiency is higher.
Higher loadings were achieved by increasing the operat-
ing time. This increased the amount of bromine
transport and thus the diffusion losses are higher. The
energy losses are summarized by category in Table 4-6.
To achieve high loadings (with 80% utilization of the
electrolyte) the amount of electrolyte was increased at
each loading above the baseline 90 mAh/cm2.

Low-Temperature Study

In earlier studies, electrolytes based on 3.0 M ZnBr2
and half molar each of methylethylmorpholin ium
bromide (M EM) and methylethylpyrrolidinium bromide
(MEP) quatemary salts were evaluated for low tempera-
ture service. In those studies, it was found that an addi-

tion of 2 to 3 molars of CaClz extended the freezing
point well below O“C.

The present low-temperature study was directed
towards collecting information on two subjects: 1) to
determine how low the battery temperature could be
depressed and still allow the battery to start a cycle, 2) to
measure how low temperature operation affects the bat-
tery performance.

Bat tery V1-50 was cycled in a cold chamber with
high-efficiency electrolyte containing additional 2.0 M
CaClz. However, the ac pump motors supplied so much
heat to the battery test station that the cold chamber was
unable to cool the battery while it cycled. The battery
then sat in the chamber overnight with the circulating
pumps turned off. The next morning, the battery
temperature was -5°C when the circulation was re-
started. Surprisingly, some solids were seen in the
electrolyte. The temperature had risen to 10“C by the
time the pumps were running smoothly enough to start
the charge cycle. After an hour of charge, the voltage
unexpectedly reached the high-voltage cutoff, and the
cycle was terminated.

Full Discharge Without Strip

8-Cell Test Results

When a battery is continuously cycled, the Ah lost
to stripping are retained in the battery, resulting in a
higher coulombic efficiency when compared to a
baseline cycle. The voltaic efficiency is not affected.
Battery V1-60 was operated over a number of full dis-
charge cycles without stripping following the discharge.
There was an immediate gain of 2.5 to 3% in energy
efficiency when the strip was omitted, but the advantage
decreased as more cycles were added between strips as
shown in Table 4-7. Even so, after 26 continuous
cycles, the efficiencies were still higher than baseline
cycle.
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Table 4-6. Loading Study Efficiencies and Energy Losses

Efficiencies:

Coulombic

Vottaic

Energy
Energy Loss Causes:

Resistance Loss

Overvoltage Loss

Shunt Current Loss

Diffusion Loss

Residual Loss

Total Losses

Low Loadin
8

Baseline High Loadin
(45 mAtVcm ) (90 mAh/cm2) !!(150 mAh/cm )

V1-54/Cycle 24 (%) V1-54/Cycle 161 (%.) VI-54/Cycle 157 (Y.)

87.8 86.6 85.6

83.1 81.4 81.8

73.0 70.4 70.0

48.2 46.0 44.6

8.1 7.7 7.!5

0.1 0.1 0,1

12.1 17.8 25.2

31.6 28.5 11,6

100.0 100,0 100.0

Table 4-7. VI-60 Full-Discharge Cycles Without Strip

CE%* vE%* EE%* Trans%* Resid%*

Baseline (#l 1-14) 90.1 85.9 77.4 5.9 4,0
Six cycles (#1 5-21) 93.2 85.6 79.8 5.1 1.7
Eight cycles (#78-86) 92.4 85.7 79,2 5.6 2.0
Eleven cycles (#43-54) 92.1 85.5 78.7 5.8 2.2
Sixteen cycles (#57-73) 91.8 85.8 78.8 6.1 2.1
Twenty-six cycles (#88-1 14) 91.4 85.2 77.9 7.3 1.3

● Totals

50-Ce// Test Resu/ts

Several no-strip cycle sequences were performed on
the 50-cell battery, VL-14. The objective was to
demonstrate the feasibility of no-strip cycling a large
V-design battery. As shown in the 8-cell battery tests,
there is an immediate increase in battery capacity when
the strip is omitted. The gain in efficiency by VL-14,
however, was not as dramatic as that demonstrated by
V1-60, The flow frames in the larger stack did not have
the improved diverter design, which has decreased the
residual zinc accumulation resultant with no-strip cy-
cling by nearly 50%. Eight-cell stacks have had the
improved diverter design since Vi-59. The test results
demonstrate that a 50-cell V-design stack can effective-

ly achieve 6 to 8 cycles in a no-strip test regime. The
test results of the no-strip cycle study for VL- 14 are
summarized in Table 4-8.

At the end of the no-strip cycle study, VL-14 was
torn down at a full SOC following five full cycles
without strip. VL- 14 was tom down while still perform-
ing well to study the zinc plating quality and distribu-
tion. It was taken down at 100% SOC. The deposited
zinc was rather poor and rough. There were a number of
dendrites that reached and penetrated the separator.
However, there were no signs of any full short dendrites
that bridged the electrodes. The peer plating may have
been caused by impurities. The metal in a pump im-
peller was found to be fully exposed to the electrolyte.
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Table 4-8. V1-14High-Efficiency Electrolyte
Full-Discharge Cycles Without Strip

CE’?40* VE%* EE%* Trans%’ Resid%*

Baseline (#26-28) 87.8 83.3 73.1 6.5 5.7
Six cycles (#29-34) 89.9 83.4 74.9 --- ---

Six cycles (#47-52) 88.6 83.2 73,7 9.0 2.5
Eight cycles (#53-60) 88.2 83.3 73.5 ... -..

● Totals

The zinc distribution was good. Upon examination,
no evidence of shunt currents affecting the zinc
deposited near the electrolyte ports was found.

Reverse Polarity Tact

Battery VI-52 was deliberately abused by cycling
with the terminals cmmected in reverse polarity and no
apparent damage was done. The purpose of this test was
to simulate both the accidental reverse installation of a
battery, and to simulate battery reversal that might occur
in a series string.

The battery was charged to 45 mAh/cm2 loading
and then discharged twice.. The energy efficiencies of
the two cycles were 51% and 53%. The efficiency
under baseline cycling conditions was not affected. It
was 64.5’% before the tests and 64.7% afterwards.

Shunt Current

Measurement

In an aqueous battery system, where cells mounted
in electneal series have a common electrolyte path,
small currents exist through the electrolyte. These cur-
rents in the feed channels and manifolds are referred to
as shunt currents and are difficult to measure directly.
Usually, the currents are calculated using the known
resistances of the battery components. However, it
should be possible to measure the equivalent shunt cur-
rent in a large stack by comparing the CE with that of a
smaller battery where the shunt currents are negligible.
The equivalent shunt current is defined as a manifold
current which would account for the energy diverted
from the major current pathway.

If all other factors are equal, the only difference
between the CE of a large stack and that of a small stack
is attributed to shunt currents. This difference in CE
should allow the shunt current to be calculated for a
cycle as shown in Table 4-9.

Table 4-9. Shunt Current Calculation for a Cycle

Measuremerrt/Calculation Value Source

CE of 8-Cell Stack 90.2~o sd 0.1 VI-60 cycles 8-14

CE of 8-Cell Stack 90.3% sd 0.2 VI-62 cycles 1-10

CE of 50-Cell Stack 89.3% sd 0.3 VL-1 5/16 cycles 1-10

Amount CE Lowered 1.0%

Typical Charge 104.75 Ah

1.0% of Typical Charge 1.05 Ah

Total Cycle Time 8.352 hr

Equivalent Shunt Current 0.126A
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In earlier work, the total average shunt current for a
50-cell high-efficiency stack (four manifolds) was ap-
proximated by the calculation program as being
0.115 A. The JCBGI zinc/bromine model predicted
1.66-Ah loss per cycle, which is equal to O.199-A
equivalent shunt current.

Shunt Current Calculation in New Design

A calculation of the shunt currents in the new larger
cell design shows that while the size of the currents
would be larger, the percentage of energy lost would be
about the same as in the present V-design cell stacks.

The shunt model was used to calculate the shunt
currents in the manifolds of cell stacks with 40, 50, and
60 cells. These results were in turn inserted into the
mass and energy balance spreadsheet to estimate the
energy lost to shunt currents during a baseline cycle.
The results shown in Table 4-10 indicate that the shunt
currents and energy lost both increase with the number
of cells in both designs.

Shunt currents also cause problems with uneven
plating and possible dendrites near the channel open-
ings. Since the shunt currents in the new design cell
stack are nearly twice the size of those in the existing
cells, it will be important to check for signs of dendrites
and flow diversion in the tests of the early builds.

Electrolyte Utilization

Cell stack V1-62 was used to study the effect of
increasd zinc utilization on efficiency. By increasing
the utilization, the amount of electrolyte needed could
be reduced and the battery weight lowered, thus reduc-
ing cost. The zinc utilization in a baseline cycle is
65.5%. The results in Table 4-11 show that there was
only a slight decline in efficiency as the zinc utilization
was increased.

Stand Heating Study

A battery undergoes self-discharge whenever it is in
a charged condition. This is caused by transport of

Table 4-10. Calculated Shunt Currents

40 Cells 50 Cells 60 Cells

V-Cell Charge 0.0225 A’ 0.0322 A 0.0482 A

Stand 0.01 85A 0,0286 A 0.0403 A

Discharge 0.01 38A 0.0214 A 0.0300 A

New Charge 0.0385 A 0,0598 A 0.0848 A

Stand 0.0345 A 0.0532 A 0.0756 A

Discharge 0.0283 A 0.0438 A . 0.0622A

V-Cell 45 Wh 84 Wh 148 Wh Energy lost

New 82 Wh 160 Wh 272 Wh

V-Cell 1.9% 2.8% 4.l~o 0/0of Total loss

New 1.7~o 2.7~o 3.8%

● Equivalent or average current in each manifold

Table 4-11. Zinc Utilization Study Vi-62

Zinc Utilization (%) CE% VE% EE% Trans% Resid%

65.5 89.7 85.3 76.5 5.6 4.6

80.0 89.1 85.4 76.1 6.5 4,5

90.0 88.1 84.4 74.4 7.3 4.6
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bromine across the separator into the zinc electrode
chamber, and by shunt currents. Self-discharge con-
tinues when the battery is put into stand or open circuit
because bromine transport and shunt currents continue.

The energy lost during stand, and therefore also the
heat generated, can be minimized by lowering the
amount of bromine compounds inthe cell stack. This is
done by 1) removing any bromine complex that is loose
or unattached by sweeping it out with flowing
electrolyte and 2) reacting the brom ine that is in the cell
stack. Normally, the second phase valve is closed
during a stand so that fresh bromine complex is not sent
to the cell stack. Since the aqueous solution also con-
tains some dissolved bromine compounds, the
electrolyte circulation should also be stopped after the
free bromine complex has been swept out. Periodically,
the circulation should be resumed for short periods to
remove heat from the cell stack. In tests carried out in
an 8-cell stack and reported last year, the minimum
energy loss occurred when the second phase valve was
closed and the electrolyte circulated only periodically
during a stand.

A test is under way using 50-cell battery stacks to
confirm the results from the 8-cell tests and to measure
the heating effects as well. In this test, the effect of
various electrolyte flow rates, including full stop, on the
efficiency and the temperature of the battery will be
examined. In an additional experiment, a small side
discharge will be used to remove some of the bromine in
the cell stack during a stand to see if lhis results in a
lower overall temperature gain.

Engineering Development

Electrode Substrate Resistivity

During the past year, the carbon plastic used in the
electrodes has been produced by several compounders
and extruding vendors. Several carbons were used at
different concentrations. In general, the resistivity
decreased as the amount of carbon black in the plastic
increased. This was the expected result; however, the
plastic became more difficult to process as the carbon
content increased. lhe resistivity of the carbon plastic
extruded sheets has been brought down to 2-4 Q-cm
from the original standard material, which was 8.6 S2-
cm, and new techniques to extrude and weld the carbon
plastic are being developed.

Cathode Activation Layer

At present, typical 8-cell and larger stacks reach end
of life at around 250-300 cycles. The cause of failure is

most often a loss of activity of the porous, active carbon
surface on the bromine electrode. Other cell stacks have
developed a similar problem immediately following
special tests. Therefore, work has been undertaken to
identify 1) lhe nature of the problem, 2) the cause, and
3) which active surface is more susceptible. This work
is being carried out with small 4-cm2 electrode samples
that were either cut from battery electrodes or specially
prepared for the testing.

Polarization and Surface Area of Electrodes
Taken from Batteries

Samples of the eleclrode materials taken from bat-
teries that had been cycled showed a range of polariza-
tion and surface area values. There was little correla-
tion between polarization and surface area with number
of cycles, but there was a strong correlation between
area and polarization. The samples with low surface
area had high polarization.

Evaluation of Alternative Types of Cathode
Activation Layers

During the past year, the feasibility and benefits of
various new alternatives to the standard type cathode
activation layer have been examined. Presently, a
modified fabrication method is being evaluated that util-
izes an environmentally friendly, aqueous-based ad-
hesive to replace the presently used toluene-based ad-
hesive. Heat-pressed cathode layers of both carbon
paper and Teflon bound carbon powder films are being
examined. The present status of each of these alterna-
tive cathode activation layers is described below.

New Aqueous Adhesive Based Layer

‘Ihe first attempts at using the new aqueous-based
adhesive to make porous carbon layers resulted in good
initial electrode performance, but very poor accelerated
cycle-life performance. Research is proceeding to find
a way of stabilizing the ohmic contact of the cathode
layer, which will hopefully improve its cycle life.

Carbon Paper Cathode Layer

A roll of special high-surface-area carbon paper
was continuously unrolled and imbedded into a batch of
full-size carbon plastic backbone material as it was com-
ing off the extrusion line. This type of fabrication
method could be extremely attractive under mass
production conditions.

Terminal Electrode

Over long periods of time, the internal resistance of
experimental batteries has been observed to increase.
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Figure 4-7. Resistances Measured in Samples of Ter-

minal Electrode Materials (Carbon Plastic/Metal

Screen) when Immersed in Brominated Electrolyte at

40”C.

This may be caused by corrosion of the interior copper
metal current collecting screen. Tests were carried out
to examine various carbon plastics that might reduce the
amount of copper screen corrosion. The test samples
consisted of two l/2-in. -wide pieces of screen (-1/2 in.-
apart) imbedded in plastic 6-in. -long and 2-1/2 in.-wide.
These samples were placed in brominated high-
efficiency electrolyte at 40”C. Samples No. 1 and 2
shown in Figure 4-7 represent the standard electrode
materials. Most of the other samples had higher resis-
tance initially, and nearly all show a gradual increase in
resistance with time, thus eliminating them as can-
didates for terminal electrodes.

Separator Development

JCBGI prepared samples of porous polyethylene
separator using materials somewhat different from those
in the Asahi SF-600 separator. Several of these small
samples showed resistance and bromine transport
properties superior to those of the standard separator.

Subsequent to the laboratory trials, a series of
compression-molded polyethylene compositions was
prepared by a materials vendor. Results given in Table
4-12 indicate higher bromine transport than expected.
In particular, JCBGI’s earlier samples made with the
same composition as material D in Table 4-12 had
bromine transport about 80% that of the Asahi separator,
and resistivity about 67% that of the Asahi separator.
The reason for the discrepancies in results is now being
exam ined.

Zinc Plating

Electrolytes from two poorly performing battery
stacks, when cycled in the minicell, have yielded zinc

electrodeposits that have a poor, mossy-like appearance
compared to past zinc deposits. Samples of smooth and
mossy zinc deposits were analyzed by leaching in nitric
acid and testing for total oxidizable carbon (TOC) and
chloroform leach followed by infrared (IR) spectro-
scopy. The results indicated that the poor zinc deposits
had higher carbon content and the presence of an oily
material. The sources of these impurities are under in-
vestigation.

Electrolyte pH is considered to have an im~rtant
effect on zinc plating quality and may be a factor in the
mossy zinc observed recently. It has been reported that
as the pH of the electrolyte approaches 4.0, mossy zinc
may appear. The pH was measured for electrolytes
taken from recently failed batteries, and results showed
that the batteries that had mossy zinc plating also had
higher pH than the standard batteries.

New Battery Design

Cell Stack Design

The final stress analysis of the new endblock using
Computer Aided Engineering Design System (CAEDS)
has been completed. The goal has been to minimize the
thickness and weight of the parts while maintaining an
acceptable level of stress and deflection under load.
The drawings were changed to reflect the optimum
design, and the injection mold makers are now machin-
ing the die set. The weld beads and diverters will be
added as inserts to the mold after completion of the flow
analysis.

HeatinglCooling Requirements

The cooling requirements of a zinc/bromine battery
depend primarily on the efficiency of the battery in a
particular application because all the heat generated in
the battery comes directly from energy losses associated
with running the battery. In this section, a background
discussion of the thermodynamic efficiency will show
that the practical limit of the energy efficiency is about
82%. This will be followed by some observations of the
cooling function of a large battery used in laboratory
testing.

Thermodynamic Efficiency

Energy losses to heat in the battery occur through
processes such as ohmic heating, electrode overvoltage,
and Peltier heat. The first two effects are well known,
while the third is much less familiar. The Peltier heat
derives from the nature of the electrochemistry and can
set a limit to the overall battery efficiency.
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Table 4-12. Properties of Experimental Separator Compositions

Sample Type

A-1

A-2

A-3

B-1

B-2

B-3

c-1

c-2

c-3

D-1

D-2
D-3

Asahi

SF600

(baseline)

Brz Flux
Thickness R Thickness Brz Flux Adjusted to

(mm) (S2-cm2) (mm) (mole/sec/cm2) Asahi 3.3E-9

0.52 1.19 0.55 6.3E-9 6.8E-9

0.51 1.17 0.50 5,5E-9 5.8E-9

0.50 1.17

0.51 1.24 0.53 6.5E-9

0.51 1.23 0.50 6.1 E-9

0.51 1.23

0.54 1.07

0,52 1.02

0.54 1.00

0.52 0.75

0.52 0.81

0.49 0.82 .

0.58 1.21

0.58 1.18

0.58 1.14

0.57 1.28

0.57 1.27

0.57 1,26

0.52 7.2 E-9

0.55 6.3E-9

0.50 7.1 E-9

0.49 7.OE-9

0.58 3,05E-9

0.58 3.11 E-9

0.58 3.23E-9

Note: A Brz flux of 3.3 E-9 moles/sec/cm2 is the standard value for the Asahi SF600 baseline eeparator.

7.1 E-9

6.5E-9

7,8E-9

6.7E-9

7.1 E-9

7.3E-9

The energy needed to drive (or that is given off by)
a chemical reaction is the enthalpy (AH). Of this ener-
gy, only the free energy (AG) is available for
electrochemical use. The remainder of the energy is
tied to the entropy of the system (AS). In the following
well-known relationship, the enthalpy is related to free
energy by the entropy:

AH= AG-TAS.

The TAS term is called the “electrochemical Peltier
heat.” It is defined as the energy needed to maintain a
constant temperature for an electrochemical reaction.
The actual energy loss mechanism results from a com-
bination of solvation energies, electrolyte mixing, and
injection of electrons into the conduction bands of the

electrode. The theoretical maximum energy efficiency
is limited by the size of the TAS term, and is determined
by the AG/AH ratio. For zinc/bromine, the maximum
energy efficiency is equal to 91%.

Independent measurement of the electrochemical
Peltier heats for each electrode has been reported (.Jour-
nal of the Electrochemical Society, 125 and 131). In a
further test, the efficiency of the electrode reactions
under “free discharge at steady state” were measured.
In this test, the electrodes were essentially shorted
except for the resistance of the ammeter in the connect-
ing lead. The measured energy efficiency was 82%.
This measurement included all three of the energy loss
terms mentioned previously, but did not include any
losses due to practical battery operation such as shunt
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currents or separator resistance. Therefore, the 8290
energy efficiency representsa reasonable ultimate goal
to strive for in the laboratory.

It is well known that some batteries, such as the
nickel/hydrogen battery, cool slightly when charging
and that the lead acid battery does not gel as hot as it
could when discharging. These effects are simply the
result of the electrochemical equivalent to heats of reac-
tion, For example, when some salts are dissolved, the
solution heats, and when other salts are used, the solu-
tion cools. The effect occurs for the zinc/bromine bat-
tery as well, and a first-order calculation of the heating
and cooling has been done.

The electrochemical heat can be found by first
looking at the thermoneutral potential, Et = -AH/nF
(n=moles of electrons, F= Faraday’s constant). If the
thermoneutral potential is below the reversible voltage,
E, = -AG/nF, the battery will cool on discharge. If the
Et is above the reversible voltage, the battery will cool
on charge, The” values of the Et and Er for the zinc/
bromine battery are 2.019 and 1.818 V respectively.
The amount of heat or cooling is found by comparing the
difference between the operating voltage and the Et. If
they are equal at some point, there will be no electro-
chemical heating or cooling. Other factors are also im-
portant. The ohmic resistance, overvoltage losses, and
self-discharge reaction always generate heat in the cell.
The reaction of bromine with quaternary ions generates
heat reversibly. When bromine is removed from the
complex, the electrolyte is cooled.

A spreadsheet calculation including each of the
heats shows that the heating and cooling processes off-
set each other to an extent, but more heating cams on
discharge than on charge. The electrochemical cooling

process on charge is countered by the complex-forma-
tion heating. A reverse matching happens on discharge.
The results of the spreadsheet calculations for a 25-A
constant current cycle are shown in Table 4-13, with the
heat values given in W. For comparison, the electrical
power supplied to, or received from, the cell is also
included.

The energy lost from the battery should be ap
proximately equal to the heat generated. In a hypotheti-
cal 4 hr charge/3.5 hr discharge cycle, 100 Ah and 191.2
Wh will be put into the battery, and 87.5 Ah and 150.9
Wh will be taken out. These values are equivalent to
87.5% CE and 78.9% EE, a reasonable representation of
actual laboratory data. The heat will be 18.64 Wh
evolved during charge and 30.63 Wh evolved during
discharge. Finally, 40.31 Wh of electrical energy were
lost during the cycle, and 49.26 Wh of heat were calcu-
lated to have been generated, Ideally, these two num-
bers should be equal, but considering all of the ap-
proximations that had to be made in this fimt-order
calculation, an 18% overestimation of the heat
generated is quite reasonable.

The calculation shows that one-third of the total
heat can be expected during charge, and two-thirds will
come out during discharge. Therefore, the cooling sys-
tem should be sized large enough to handle the higher
rate of heating expected during discharge. This calcula-
tion has not included heating from parasitic losses such
as the pumps and shunt currents that would need to be
included to calculate the total battery cooling require-
ment.

Table 4-13. Calculated Heap and Electrical Power in a Single
Cell for a Constant Current Cycle at 25 A

Charge @ -25A Discharge @25 A

Electro-Chem, W -2.69 7.37
Self-Discharge, W 2.02 2.02
Complex Formation, W 2.98 -2.98
Ohmic, W = M
Total Heat, W 4,66 8.75

Electric Power, W 47.79 43.10

● Sign Convention: Negative sign shows heat absorbed by the battery.
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Practical Cooling Requirements

In a test using a 30-kWh-size V-design battery, a
cooling ability of about 2 kW was found to be sufficient
to keep the temperature from rising in a baseline
charge/discharge cycle. Data were taken from tests of a
200-cell battery made of four 50-cell stacks. All four
cell stacks were connected to a single set of anolyte and
catholyte reservoirs. The anolyte reservoir was cooled
by water circulating through a plastic tubing heat ex-
changer. The cooling water was switched on whenever
the anolyte temperature went above a preset tempera-
ture, typically 30”C.

The basis of the cooling calculation is simply that if
the cooling is sufficient, the temperature will not rise.
The total amount of heat to be removed is known from
the efficiency. If the temperature is observed to rise,
then the cooling rate must have been slower than the
heating rate. In the three cycles used, the temperature
did not rise during the charge, but did rise during two of
the discharges.

The heat generated in the battery can be divided
between the charge and discharge periods. It is es-
timated from previous calculations that about one-third
of the heating occurs during charge. The heat capacity
(CP) of the battery is assumed to be about 0.9 Wh/kg-deg
(the CP of water is 1.164 Wh/’kg-deg). The results listed
in Table 4-15 show the calculation of the total heat in
each cycle, how it was allocated to the charge and dis-
charge portions of the cycle, and how some was taken up
by the battery temperature increase. The final heating
rates shown in Table 4-14 are also the effective rates of
the water cooling system. ‘Ilere were no temperature
increases observed during charge. It is clear that up to a
heating rate of 2.2 kW, the cooling system was adequate

to hold the temperature constant. However, when the
cooling demand was increased to 4.5 kW and higher, the
battery temperature increased. The second two cycles
were discharged at higher than baseline current, which
explains the higher heating rates.

Therefore, the cooling system as it was installed and
operated had sufficient capacity to cool 2.2 kW but not
4.5 kW or higher discharges.

Environmental Impact

A literature study has been started to predict the
environmental impact of ZnBrz batteries. Some initial
results are given here; however, this study will be con-
tinued to collect more information. The environmental
effects might occur as the result of an accident while
batteries or electrolyte were being transported or might
be caused by a serious mishap at the electric utility
station. The immediate cause of an incident would be
an uncontained spill of electrolyte. The electrolyte con-
sists of an aqueous solution of ZnBr2, ZnC12, bromine,
and a quaternary ammonium ion compound such as
MEP bromide or MEM bromide.

Zinc Bromide

Zinc bromide is a relatively benign salt with a rela-
tively low toxicity. The Department of Transportation
hazard notification level for zinc bromide spills is 1000
lb. Once spilled, zinc bromide remains highly soluble in
water and will readily be diluted and rinsed away.
Therefore, it would not be expected to remain at the spill
site, but would be washed away with rainwater and
normal hydrological conditions.

Table 4-14. Battery Cooling

V124/Cycle 3 ViJ?4/Cycle 4 VL24/Cycle 5

Energy Charged, kWh 40.9 59.8 40.9

Efficiency, % 70,8 54.0 50.2

Temperature Increase During Discharge, “C o 27.5 21.7

Total Heat Generated, kWh 12,0 27.5 20.4

Heat Removed in Charge, kWh 3.6 8.3 6.1

Heat Removed in Discharge, kWh 8.4 7.0 4,6

Heat for Battery Warming, kWh o 12.2 9.7

Heating Rate in Charge, kW 0.8 1.3 1.4

Heating Rate in Discharge, kW 2.2 4.5 6.9
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The biological effect of zinc bromide is primarily
due to the zinc ion. At high levels, it is toxic to inver-
tebrates and fish. The EPA Acute Criteria (maximum)
in soft water is 0.18 mgfl, and the Chronic Criteria
(30-day average) is 0.047 mg/1. Typically, the toxic
effects are decreased with increasing hardness. In a test
of the effect on fucoid algae, a 50’%reduction in growth
rate was observed at zinc levels of 5 to 10 mg/1. Zinc is
already present in the runoff water from many highways
and levels of from 0.16 to 22 mgfl have been measured.
Since it is rapidly diluted and carried away, it has not
been a serious problem in the national watershed to this
point.

Bromine

Bromine is a liquid at room temperature and pres-
sure. It is widely used in the sanitation of pools and hot
spas. In the ZnBr2 battery, it is nearly completely in the
form of a chemical complex formed with the quatemary
ammonium completing agents MEPBr and MEMBr.
The range of bromine dispersal is limited by the uptake
of bromine. Even though the reactivity of the bromine
is reduced by the completing action, the bromine would
still be expected to oxidize most organic materials that
it contacts. This results in the formation of an in-
nocuous bromide salt. Bromine also is readily absorbed
into water, reacting to form soluble bromine as well as
hypobromic acid (HOBr) and hydrobromic acid (HBr).
Both are reactive, although less so than bromine.

Quarternary Ammonium Ion Salts

The environmental impact of the quatemary am-
monium ion salts has not been directly determined. It is
expected to be quite low, however. Similar compounds
are used as sequestering agents in sewage treatment, and
other derivatives are used in topically applied sun-
blocking sun tan lotions.

Technology Evaluation - SNL

The objective of battery technology evaluation is to
evaluate advanced rechargeable cells, modules, and bat-
teries from developers working under OEM contracts.
Performance and operating characteristics, as well as
cycle-life data and failure modes, are determined. This
inforrnat ion is used to improve the design and operation
of all battery technologies.

The tasks being performed under this SNL activity
include:

1. Evaluate 8-Cell Zinc/Bromine Battery Stack
1.1 Conduct life-cycle tests and monitor perfor-

mance

2. Evaluate Two 50-Cell Battery Stacks in Parallel
2.1 Perform baseline life-cycle tests
2.2 Perform several series of no-strip cycles

Task 1. Evaluation of 8-Cell Battery

During IW92, testing was completed on the 8-cell,
1-kWh zinc/bromine battery from the utility battery
development contract with JCBGI. This battery, desig-
nated as SNL #518, featured a double-weld bead in the
center of the flow frame to help prevent splitting of this
internal seal. In previously tested batteries, the loss of
this seal led to failures. In addition, the battery station
was built such that the levels in the reservoirs were
controlled by sealing the catholyte reservoir tightly after
the system had stabilized at startup. The air head above
the catholyte either pulled a vacuum if the level fell or
built pressure if the level rose. By sealing the reservoir,
the levels on both sides remained relatively constant. A
photograph of this battery is shown in Figure 4-8.

Figure 4-9 is a plot of the battery efficiencies for all
the charge/discharge cycles run on SNL #5 18. This in-
cludes a total of 26 cycles, at a zinc loading of 90
mAh/cm2, which were run at JCBGI before it was
shipped to SNL. These cycles were considered baseline
cycles where the battery was charged for 4.5 hr at a
charge current of 23.5 A. The battery was then dis-
charged at a 24.4-A rate to an end-of-discharge voltage
of 1 V/cell. The efficiency of this battery was calcu-
lated from the values obtained from the charge/dis-
charge portion of the cycle. The battery was then com-
pletely discharged to O V/cell. This plot provides an
overall picture of how the battery performed over the
273 cycles. During the first 150 cycles, a gradual loss in
efficiencies was observed wit h a loss in energy efficien-
cy of less than 390. The results obtained on the last
cycle run at JCBGI and the first few cycles run at SNL
were close to each other. The CE was 88.7% while the
energy efficiency was 75.190 and the voltaic efficiency
was 84.790. However, after 12 cycles had been com-
pleted at SNL, a fairly substantial decline in efficiency
was observed. This decline was caused by an imbalance
in the electrolyte reservoirs. The valve in the l/4-in
tie-line between the reservoirs, which is used to balance
these reservoirs, was left partially open. Once the reser-
voirs were balanced and the valve was closed, the bat-
tery efficiencies returned to values close to the JCBGI
results.

As mentioned previously, by sealing the catholyte
reservoir, the levels on both the catholyte and anolyte
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Figure 4-8. 8-Cell, l-kWh Battery (SNL #518).
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Figure 4-9. Battery Efllciencies, SNL #518.

reservoirs remained relatively even. However, a tight
seal was difficult to achieve on this battery. In addition,
the catholyte pump pressure tended to decrease from
cycle to cycle. Because of either or both of these
problems, a gradual decline in efficiency was observed
over several cycles; thus, balancing procedures were
required periodically to return the efficiencies to their
initial values. This pattern occurred several times
during the life of the battery and can be seen on the
efficiency plot between cycles 50 and 100. During the
first 100 cycles, the overall loss in energy efficiency

unrelated to the balancing problem was approximately
2%.

The majority oft he fimt 150 cycles were baselines;
however, two other types of cycles were atso run. Be-
tween cycles 108 and 117, the discharge current was
lowered from 24.2 A to 13.7 A. This produced an in-
crease in both voltaic and energy efficiencies. The other
type of te& performed on the battery was a series of
no-strip cycles. The first set of five no-strip cycles oc-
curred between cycles 133 and 137. An increase in
coulombic and energy efficiency occurred during the
first three no-strip cycles but started to decline on sub-
sequent no-strip cycles. A series of baseline cycles was
then performed, and their efficiencies were the same as
before the no-strip cycles.

Most of the cycles from 150 to 273 were also base-
lines. However, a seeond set of no-strip cycles was
started on cycle 158 and inadvertently continued for an
additional 15 cycles, through cycle 172. Results of the
early no-strip cycles of this set were similar to what was
seen on the first no-strip cycle set. However, as the
no-strip cycles continued, the efficiency of the batte~
deelined drastically, indicating an accumulation of zinc
on the anodes. The concern at that point was the exces-
sive amount of zinc that may have been deposited on the
anodes and had formed dendrites that could punch holes
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in the separators. Baseline cycles were immediately
started to determine if the battery was damaged. Results
indicated that, after the excessive no-strip cycles, the
efficiency values became unstable, and a loss of approx-
imately 6% in energy efficiency was seen. This un-
stable condition continued for the duration of testing on
this battery. Electrolyte reservoir balancing could con-
tribute to this unstable efficiency condition; however, it
is more likely that running 15 no-strip cycles played a
larger role in the unstable performance of the battery.
Toward the end-of-life, a fair amount of carbon seemed
to be coming from the stack, and it affected battery
performance. Finally, during the last 10 cycles, a sharp
decline in efficiencies was observed and the battery was
removed from test when the energy efficiency dropped
below 60%.

The battery was dismantled and returned to JCBGI
for post-test analysis. The electrolyte was removed and
tested in the minicell; the quality of the zinc deposit was
good. With fresh electrolyte, the efficiencies of the cell
stack improved only slightly. The average values of the
last five cycles at SNL are compared to those of the five
cycles run at JCBGI in Table 4-15.

After a total of 278 cycles, the cell stack was tom
down at 100% SOC in the presence of visiting SNL
personnel. There was a normal amount of warping in
the bipolar electrodes. In one cell, on both of the
electrode panels, there were a few dendrites that
penetrated the separator. However, there was no indica-
tion that the dendrites had reached the anode to com-
plete an electrical short. The zinc plating was complete-
ly absent from one comer of bipolar electrodes #6 and
#7. Corresponding to this corner, the separator was
severely blistered. Based on the battery performance
and the evidence of the teardown, it was concluded that
the cycle life was brought to a close by electrode over-
voltage.

Task 2. Evaluation of Two 50-Cell
Stacks in Parallel

The next deliverable from the utility battery con-
tract with JCBGI was a 15-kWh unit that consisted of
two 50-cell stacks assembled into a parallel configura-
tion. The testing goals of this battery were to determine
cycle life under baseline and no-strip conditions and to
determine if the vibration welds on larger stacks hold as
well as on the 8-cell units. A total of 20 charge/dis-
charge cycles was placed on the two battery stacks prior
to delivery to SNL. All of these cycles had a zinc load-
ing of 90 mAh/cm2 and were run under baseline or
no-strip conditions.

On February 4, JCBGI personnel delivered and in-
stalled the two battery stacks at SNL. A photograph of
the stacks, resemoirs, and plumbing is shown in Figure
4-10. The SNL number assigned to this battery was 526.
A mutually agreed upon test agenda was followed for
the life of the battery. The cycling formats specified in
this test agenda were designated as standard baseline
and no-strip regimes. The standard baseline sequence
was a 4.5-hr charge at a 46.8-A rate, a l-rein rest at open
circuit, an approximate 4-hr discharge at a 48-A rate to
1 V/cell, followed by a complete strip to essentially OV.
The no-strip regime was a 6-cycle set in which cycling
proceeds continuously in a format similar to a baseline,
but there was no stripping until the end of the sixth
cycle. A 2-rein rest at open circuit was allowed between
each no-strip cycle. A battery temperature of 30”C *1 “C
was maintained throughout the tests.

A technique used in the previous battery to maintain
balance between ~tholyte and anolyte, was unsuccess-
ful on this battery. An unbalanced condition continual-
ly occurred and prevented SNL from cycling the battery
during non-working hours. On April 28, JCBGI visited
SNL and installed a cross-over tube between the anolyte
and catholyte reservoirs. This modification provided an

Table 4-15. Final Average Efficiencies of SNL #51 8

CE% VE% EE% Trans% Resid%.

Last 5 cycles at SNL 77.3 74.1 57,3 11.4 9.8
Last 5 cycles at JCBGI* 83.7 70.5 59.0 7.2 9.1

● with fresh electrolyte
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Figure 4-10. 15-kWh Unit, Consisting of Two 50-Cell Stacks in Parallel (SNL#526).

overflow path between the reservoirs if there was any
imbalance. The change also eliminated a negative pres-
sure problem in the catholyte reservoir that caused in-
ward bowing to occur on two different occasions. With
this modification in place, SNL was able to cycle the
battery continuously, without concern of a potentially
large electrolyte spill.

Figure 4-11 is a plot of the battery efficiencies for
all the charge/discharge cycles performed on SNL #526.
A total of 200 full cycles was performed on the battery,
and this includes 20 cycles that were run at JCBGI
before the battery was shipped to SNL. The plot indi-
cates a very gradual deeline in efficiency over the cycle
range. This decline appears to be approximately the
same as that seen on battery #518, the 8-cell stack. A
2.6% loss in coulombic efficiency, a 4.4% loss in energy
efficiency, and a 2.6 loss in voltaic efficiency were
measured between cycle 1 and 187 (the last baseline
run). Running several no-strip cycles in a row does not
appear to have affeeted the performance of the battery.
The only abnormal results over the 200 cycles com-
pleted occurred on cycles 31 and 154. ‘he cause in both
cases was due to a load failure in the battery cycler that
shortened the discharge length.
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Figure 4-11. Battery Etllciencies, SNL #526.

On the morning of Thursday, August 20, a 6-cycle
set of no-strip cycles was started. The first cycle of this
set was completed late in the afternoon bringing the total
number of cycles on the battery to 200. The voltage and
current for this cycle were normal.
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The second cycle completed the 4-hr and 30-min
charge portion at 7:50 PMand the discharge portion was
started at 7:53 PM. During the discharge, a severe light-
ning storm occurred in the Albuquerque area, and at
10:15 PM,a very short power outage caused the latching
relay in JCBGI’S control box to open. This relay
removed power to both the catholyte and anolyte pump
motors. However, SNL’S cycler continued to operate.
To restore power to the motors, a manual reset switch
must be pushed. With these pumps off, electrolyte
ceased to circulate through the stacks. At 10:29 PM, the
battery completed an abbreviated discharge (discharge
time = 2 hr and 36 rein; a normal discharge takes ap-
proximately 4 hr). At a discharge current of 47 A, a
total of 122.8 Ah was removed from the battery and the
discharge terminated on voltage. The nominal cutoff
voltage is 1 V/cell (50 V on each stack). On this cycle,
the end-of-discharge voltage was 38.15 V and the drop
in voltage was rapid. Figure 4-12 is the voltage plot for
cycle 201 showing when the power outage occurred and
the rapid voltage decline.

During this time, both stacks heated up and proba-
bly several vibration welds, which hold the frames
together, separated. There was evidence of damage to
the top of both stacks. On the top of the stack over the
catholyte reservoir (right reservoir in the photograph),
there was a small amount of catholyte electrolyte that
had leaked from a damaged weld. On the top of the
stack over the anolyte reservoir (left reservoir in the
photograph), there was a dark streak running diagonally
across the stack. This stack also had a leak on its bottom
side. No thermocouples were connected to the stacks so
temperature was not recorded. Temperature was
monitored in the anolyte resetvoir, but with the pumps
off, the electrolyte was not circulating. The maximum
temperature recorded by the reservoir therm wouple was
40”C.

The battery failure was discovered the following
morning, and after a cleanup period, the battery was
fully discharged. Attempts were made to determine the
extent of the damage to the battery through additional

Figure 4-12. SNL #526 Voltage Plot for Cycle 201.

cycling; however, this was unsuccessful. The battery is
presently being dismantled and will be returned to
JCBGI for post-test analysis. SNL and JCBGI will meet
to discuss the sequence of events prior to the failure, and
recommendations will be made by both parties before
the next deliverable is tested at SNL.

JCBGI has proven that 50-cell slacks can be con-
structed with no leaks in the vibration welds. SNL #526
performed extremely well while on test. Prior to the
lightning storm, only two small leaks were encoun~ered.
One leak was at the heat exchanger input to the anolyte
reservoir and the other at a fitting on the bottom of the
anolyte reservoir. Both leaks were easily repaired and
testing continued. Also, a poor connection in the ther-
mocouple control (Dyna-sense) unit gave an erroneous
temperature reading. This problem was corrected by
cleaning a connector. It is estimated this battery could
have performed well for an additional 50 to 100 cycles
before a large loss in performance would have been
expected.

Applied Research - SNL

Durability of Carbon-Plastic Electrodes
for Zinc/Bromine Storage Batteries

A study to examine the effects of electrolyte on
glass-filted HDPE carbon-plastic electrodes was com-
pleted. Two electrode materials, which were formu-
lated by personnel at JCBGI, were evaluated and were
designated HDPE-1 and HDPE-2. Samples were aged

for six months at 40”, SW, and 60”C as well as at ambient
temperature. The electrolyte simulated the chemical
composition of the electrolyte in a fully charged battery.

The samples were characterized, and HDPE-1 and
HDPE-2 were found to cmtain 19% and 31% glass,
respectively. Sorption of electrolyte by the electrode
material was followed by weight gain and was found to
be greater for HDPE-1 than HDPE-2. Probably this is
because HDPE-1 has a higher polymer content than
HDPE-2. Both samples sorb electrolyte constituents
that cannot be washed away with water, and the dif-
ference between the weight gain of the two materials
becomes more pronounced when the samples are
washed with water and dried as opposed to simply being
wiped off and dried. The data on dimensional changes
are scattered, but in general changes may be less for
HDPE-2 with respect to length and width and were on
the order of less than 2% for both samples. The data
show a dramatic increase in thickness (12-19%) of both
samples at 60”C.
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No evidence was found for oxidative attack of the
polymer or for change in the crystallinity of the polymer
due to exposure to electrolyte. The storage modulus
decreased by about 10% for samples at all temperatures.
This decrease in mechanical properties is attributed 10
sorption of the electrolyte rather than chemical decom-
position, however. Exposure to electrolyte did result in
increased (up to 48Yo) conductivityy. HDPE- 1 showed
greater increases than did HDPE-2, perhaps because
HDPE- 1 has a higher polymer content and sorbed higher
amounts of electrolyte.

This work is in the process of being published as a
SNL report, C. A. Arnold, Jr., Durability of Carbon-
Plastic Electrodes for Zinc/Bronline Storage Batteries,
SAND92-1611.

Completing Agents for the
Zinc/Bromine Battery Electrolyte

This project was requested by JCBGI and is being
carried out as a cooperative project between SNL and
JCBGI. The objective is to reformulate the electrolyte
for the zinc/bromine battery using bromine completing
agents that will allow further improvement in perfor-
mance (CE) and safety, especially at higher tempera-

tures. Several quaternary ammonium salts have been
identified as candidate completing agents, but these
compounds are not commercially available. Therefore,
one task of this project is synthesis of the candidate
compounds. A second task is evaluation of the can-
didate completing agents. The compounds will bc
screened for bromine complex ation and for
electrochemical performance. Measurements of
bromine vapor pressure will also be made.

A contract was placed in mid-September with the
University of New Mexico for the synthetic work. Pro-
cedures to synthesize and purify Quat A have been
developed in the laboratory, and data are being collected
to confirm the structure. Once the structure has been
confirmed, an initial quantity will be synthesized for
delivery to SNL. Literature work is in progress to iden-
tify procedures for the synthesis of Quat B. Procedures
to do screening tests for bromine complexation are
being developed and tested using quaternary ammonium
salts already in use as bromine completing agents. (The
specific identity of the quaternary ammonium salts is
JCBGI proprietary information, which is not to be
publicly disclosed. Therefore, specific quaternary am-
monium salts are referred to as Quat A or Quat B.)
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5. Sodium/Sulfur Project

The sodium/sulfur technology is being progressed
for use in UES applications primarily because lower
life-cycle costs are possible compared to conventional
battery options. This potential advantage results from
projected lower capital costs, less required maintenance,
longer service life, and high energy efficiency. Other
benefits of this technology include

● Operating flexibility - more applications can
be accommodated with a single battery plant or
battery design because of the capability to oper-
ate continuously, at all states of charge and at
moderate to high rates of discharge and charge.

● Good energy and power density - applications
with volume or footprint limitations can be
satisfied.

● Insensitivity to ambient conditions - because
an effective thermal enclosure is required, heat
rejection is relatively easy and battery opera-
tion is insensitive to changes in ambient
conditions.

Based on system analyses performed to date, the
sodium/sulfur technology could be used in most utility
battery storage applications including load leveling,
peak shaving, spinning reserve, frequency control, and
transmission life stability.

The objective of this project is to progress the
development state of the sodium/sulfur battery technol-
ogy specifically for these UES applications. This
project will continue until the technology is shown to no
longer be viable for these applications or it is developed
to the level that a commercial product can be ensured
that can replace or enhance the immediate-term markets
that will be or are being served by conventional battery
technologies. During IW92, advancement continued
under UBS Program support. The primary development
activity was performed under a contract with BPI. Ad-
ditionally, the performance of the BPI technology was
evaluated at SNL. A description of the project and
FY92 accomplishments are contained in the remainder
of this chapter.

Utility-Battery Technology
Development - BPI

The advancement of the UES sodium/sulfur tech-
nology continues to follow a generalized development
strategy and phased approach formulated and used by
SNL. The activities that have been completed, are on-
going, or are planned (specific to sodium/sulfur) can be
categorized as follows: 1) component engineering that
permitted the construction of effective and safe battery
modules, in turn allowing the sodium/sulfur concept to
be proved (1975 - 1990); 2) preliminary battery en-
gineering and design for a single load-leveling applica-
tion that allowed the advantages of the technology to be
demonstrated (1989 - 1990); 3) iteration of component
engineering to resolve specific utility-battery feasibility
issues and identify long-term development requirements
(1991 - 1992); 4) conceptual battery engineering to pro-
vide the basis for entering into relatively expensive bat-
tery-level engineering development (1992 - 1993); 5)
prototype battery engineering to qualify the production
processes and final product configuration (1994 -1995);
and 6) product engineering to scale-up production to
commercial levels and satisfy institutional and
regulatory requirements (1996 - 2000). A very impor-
tant part of the two latter phases is the comprehensive
evaluation and demonstration of complete battery sys-
tems at actual utility sites.

The development of the UES sodium/sulfur tech-
nology has been continued past the component en-
gineering and preliminary battery engineering steps be-
cause recent utility systems analyses have substantiated
1) the true need for battery storage and 2) the benefits of
the sodium/sulfur technology in these applications.
Based on the status of the technology, a 2.5-yr, $3.1 M
contract was placed in mid-1991 with BPI to complete
the activities described in Categories 3 and 4 in the
previous paragraph. Approximately half of this cost-
shared activity will be performed inter-divisionally at
SPL. In this contract, relevant utility applications are
being identified, specific cell and battery hardware
developed, preliminary engineering of utility battery
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modules completed, and, finally, a full-scale battery
plant concept will be designed. An important pan of
this work is the formulation of a solid definition of
battery requirements, an activity that with increased
involvement of the utility industry can finally be
progressed. The continued need to reduce capital (first)
cost and improve service life at the battery level is the
focus of the development activity because these two
areas remain the key issues impeding commercialization
of the technology. In addition, attention is being
focused on battery configuration and maintenance
strategies, effective thermal management systems, bat-
tery safety both under intended and accident situations,
and ultimately on reclamation.

Of importance, development of the sodium/sulfur
technology at SPL for mobile applications is proceeding
along a similar, but more accelerated path. Those im-
provements that are applicable to both types of end-uses
(e.g., manufacturing technology, some materials and
components, safety features) are being incorporated in
this effort. However, work under this project is focus-
ing solely on the specific needs for UES applications.

The actual tasks that are being performed under the
Beta Power contract include the fotlowing:

1. Asessment of UES applications
1.1- Utility-application identification
1.2- Utility-application evaluation and selection
1.3- Detailed battery specification preparation

2. UES Celt and Battery Component Development
2.1- Cell component development
2.2- Cell development and qualification
2.3- Battery component development

3. Preliminary Engineering of UES Modules
3.1- Module design
3.2- Module fabrication
3.3- Module evaluation
3.4- Commissioning support

4. Full-scale Battery Plant Design
4.1- Utility-battery design
4.2- Performance and cost analysis

The remainder of this section contains a description
of the results obtained during FY 1992.

Results

Task 1. UES Applications Assessment

As described later under Task 2.1, a new
sodium/sulfur battery system concept has been formul-
ated that is denoted as NAS-PX (for Sodium/Sulfur ac
Power). A brochure displaying this concept and sum-
marizing some of the benefits of the sodium sulfur ad-
vanced battery was developed and printed in Isle 1991.
It is being used as a media to communicate and assess
interest in advanced batteries for UES applications. The
forum for its introduction was the Utility Battery Group
meeting in San Diego. Later a presentation was made in
May at the Utility Battery Group meeting in Albuquer-
que on the status of sodium/sulfur batteries and their
potential benefits. These events have served to inform
the utility community, in particular, of the types of
applications, in which sodium/sulfur will be attractive,
and of the DOE-supported development efforts under-
way at BPI toward providing an advanced product.

The results from these discussions have served to
reinforce the observation that, in general, utility power
applications of two to three hours or less appear to be
favorable for battery energy storage. These include, for
example, generic transportation (such as the San Diego
Trolley and the New York Power Authority) and in-
dustrial peaking applications.

Application meetings have also occurred with the
New York Power Authority, Oglethorpe Corp., and the
Alaskan Energy Authority to investigate their battery
energy storage needs, and with PGE to assess their inter-
est in testing a NAS-Pac module. There appears to be
significant interest in the proposed compacl battery
design offered by sodium/sulfur, provided the system
cost of the system can approach the $ 1000LIcWtarget.
Analysis of the manufacturing volume impact on battery
price suggests that this target could be met with orders
in the range of 10 to 50, 300-kW battery energy storage
systems per annum, depending on whether the applica-
tions are for one or two hours, respectively. This is an
encouraging result from the standpoint of willingness to
invest in manufacturing to support such a market.
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Task 2. UES Cell and Battery
Development

The majority of the activities in this contract are
performed within this task. Its primary objective is the
development and qualification of a sodium/sulfur cell
and associated battery hardware specifically for UES
applications. Considerable effort to date has been
expended on Task 2.1 to allow these development ac-
tivities to be efficiently progressed.

Task 2.1 UES Battery Design Study

The design of an advanced battery energy storage
system is based on the use of replaceable sodium/sulfur
battery modules with a 480-V ac, three-phase, 300-kW
line commutated converter. For this system, the maxi-
mum battery voltage is limited to 500 V dc. The design,
however, has not been restricted to the use of this con-
verter topology; rather, a line-commutated version was
deemed to offer the lowest cost and to require the lowest
dc voltage (a distinct benefit for sodium/sulfur bat-
teries). The battery for this converter is composed of
two parallel modules x 4 series, for a total of 8 NAS-PaC
modules. The NAS-PaC modules are rated for two hr of
continuous discharge at full power. The initial design
life of the battery is 1500 cycles to complete discharge.
No maintenance is planned up to the point of module

replacement. Thermal management has been designed
to be passive and intrinsic to the battery module design.
The thermal enclosure utilizes a standard, non-
evacuated, thermal insulation to minimize cost and
maintenance. Heat loss is anticipated to be approxi-
mately 12 W/kWh, which amounts to a 6-8’ZOimpact on
system efficiency for the majority of diurnal applica-
tions. This could be halved with an evacuated
enclosure, albeit a more expensive option, for applica-
tions that require longer stand times.

The battery has been designed to fit within the ex-
isting 7.5-ft-height and 7-ft-width dimensions of the
preferred converter design. As shown in Figure 5-1, the
total depth of the NAS-P~C unit is 14-ft, which allows
modules to be arranged in tandem four series high. The
overall package is completely transportable by truck or
seabox.

A summary of the design features of the 300-kW
battery system is given in Table 5-1. The electrical and
operational characteristics of the NAS-Pac battery
module are given in Figure 5-2 as a function of cycle
(time). The twin voltage and current curves represent
beginning and end of discharge conditions. Note, in
particular, the flatness of the voltage profile over time.
Even with 38% of the strings failed, the battery working
voltage varia[ion is less than 22% from beginning to end

1 I 1

Figure 5-1. 300-kW NAS-Pac Unit (2-hr Rated Duration).
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Table 5-1. 300-kW x 2 hr ACUnit Battery Specification

● 300 kW Line-Commutated Converter: 480 VAC, 3 Phase

500-320 VDC

935 A (Max)

Power Factor Correction: 430 KVAR Leading
0.9 Lagging (Min)

● 600-kWh Rated Battery

Composed of 8 NAS-Pe~ Battery Modules

Connected 2 Parallel x 4 Series

Working Voltage Range: 464-444 (BOL); 443-374 (EOL)
● ACUnit Dimensions: 7.5 ft W x 7.0 ft H x 14 ft L

Weight: Converter 7,200 lb
Battery 25,000 lb
Structure 1,500 lb

33,700 lb (15.283 kg)
● 75-kWh Rated NAS-P~c Battery Module: 125 VDC (nom)

2 Layers of Cell Banks in Series

6 Banks per Layer of 32 Parallel Strings

5 Cell Series Strings

TOTAL: 1920 Cells

Ext. Dimensions: 5.13 ft W x 4.84 ft L x 1.40 ft H
Weight: 3125 lb (1417 kg)

Life Expectancy: 1500 Cycles
(a= 3500, ~ = 3,3)

CYCLE

Figure 5-2. 75-kWh NAS-PaC Module Performance at

2-hr Constant Power Discharge.

of life. The DOD reflects the end of discharge dynamic
control in response to cell failures and cell resist ante
rise. Figure 5-3 shows the thermal control provided by
the latent heat storage media located at cell interstitial
sites within the battery module (see next two paragraphs

(,J

.0 .2 .4 .6 .8 1.0
Depth of Discharge

Figure 5-3. Power Discharge 75-kWh BES Module

Performance, Temperature vs Depth of Discharge.

and Task 2.2.2). At the beginning of life (BOL), little,
if any, of the LiC1/KCl eutectic (mp=355”C) is melted,
while at the end of life (EOL), the salt is capable of
maintaining cell temperatures below 365”C, while
allowing the battery to deliver full power.

54 5. SODIUM/SULFUR PROJECT



‘r
3 ONC ItwCh MYEQS O;
FIEfRFRAX OURAOMXKE1
AL. AROUN>

\\
— 1/8 INCH LAWR Or r f.OWW W5s-

C(aERrRAX PAPE2
ALL AROUNO

?Owm
TAKE
OFFS (2

1 !lillli[llll~lllllll~lll [[i’
lrR”!NA1lnN m,,. .. . ..”.
PL4TES (2)

)’
1 1

)
IP /

1111[.llllllllqllllllllflj
v /

/ / / 1

lYllll Vllllll lllllllA ll!ll Mlllll IIllllr 11111[1 llllllllillllll
/ I / / I

CELLS
MICA CELL [ ~15M,cAsMc[T
SEPARATORS

21
TfS CACHES 4000 W&n

ONE INCH THICK
L4MlNATf D rOIL / MICA
HEAIE R

5 ONC INCH LAYERS FIBCRFRAX OURABOARO

L ~oLo[o
. . / L,-

OF FIBERFRAX OURABLANKE1
COMPRESSED BY CELL LOAOING
TO A TwO INCH HEIGHT —

“’ /rABRIC&TEO
FIBERFW
cORNERS

/

SKIN

~ HONCYCOME SANOWICU pANiL

APPROXIUATf SIZC 1 5m x I 5 m . 51n

Figure 5-4. UESBattery Mtiule, Cut-Away Side View.

aw

CELL!

MICA

POWER

\

TAKE
orFS

iv, 1
)

1!11
,

.6
,,

/“’MODULE SKIN

APPROXIMATE SIZC
15,nx151nx51n

Figure 5-5. UE$Battery Mtiule, Cut-Away Top View.

CELL

PMTE

CCLL SEPARATORS

TO CCLL INTCRCONNCC

TES CACHCS

W3CRrRAX TIER

SCaAR4:OR SII?~S

FIBC2FRAX :,, oJ
CERAMIC PAPER

FIEIRFRAX OGRAE!MN, ETS

rIBERrRAX
COQNEQ

TS

5. SODIUM/SULFUR PROJECT
5-5



Layout drawings for the NAS-Pac module design
are shown in Figures 5-4 and 5-5. Module height has
been minimized by selection of a cell-to-cell intercon-
nect scheme allowing in-plane series connections be-
tween cells. This approach makes voltage build-up in-
dependent of the number of vertical cells and maintains
low intercell connection resistance. In a like manner,
each tier (layer) of cells is connected to the tier above
directly from cell top (lower tier) to cell bottom (upper
tier) in order to minimize interconnect resistance.
Selection of two “tiers” for this module design has been
made primarily on the basis of thermal control con-
siderations. By inspection (verified through analysis),
it is apparent that in a two-tier arrangement, each tier of
cells “sees” the same thermal boundary conditions.
These are an essentially adiabatic center plane and five
exterior waits.

Thermal control is effected, in part, through latent
heat storage utilizing thermal energy storage capsules
located between arrays of in-line cells. These caches of
thermal salts are sized according to available interstitial
space between cells, heat transfer capacity from cells to
the salt and (thermal) energy storage requirements.

The module enclosure is a simple monocoque box
that gains most of its stiffness through incorporation of
a honeycomb sandwich panel as a base member. This
design minimizes height of the enclosure and obviates
the need for frame or internal support members to con-
trol deflection and cell location.

Assembly of each battery module is effected
through a simple building block approach. First thermal
insulation is installed in the bottom and around the sides
of the single wall enclosure. (One side of the enclosure
is left open for easy insertion and interconnection of
cells, banks, and tiers.) Next a laminated heater is placed
on the insulation. A termination plate and connecting
stud are placed adjacent to the module wall with the stud
extending out through an opening in the enclosure wall.
Rows of cells, thermal energy storage capsules, and
electrically insulating cell separators are then laid out
and interconnected until a “bank” is built up. For refer-
ence, the term “bank,” as applied to this module design,
refers to the electrical networking of the cells into ar-
bitrary series/ parallel arrangements that are integral to
the module itself rather than to discrete blocks of cells
that may be physically manipulated as such. At this
point, a bank plate interconnects all of the cells in its
bank in parallel. This process is repeated until the
prescribed number of banks is installed for a tier and
instrumentation sensors are laid in with the cells and
banks. After layering of tier spacers and another heater
atop a tier, the subsequent tier is built up in the same
manner.

Finally, the remaining enclosure side and top are
installed to complete the module assembly.

Task 2.2.1 Cell Component Development

Central Sulfur (c/S) Cell Design

The cell selected for development under this pro-
gram is a c/S celt designed around the dimensions of
SPL’S XPB electrolyte. A c/S design was selected (over
central sodium) because of the very long service life
such cell configurations have exhibited to date at SPL.
For example, a set of c/S cells have exhibited lives in
excess of eight years under continuous cycling, and
remain on test today. Thus, a c/S cell design is believed
to offer the lowest risk approach to meeting the battery
life requirements at an acceptable cost. Basing the cell
design on the XPB electrolyte geometry was again a
result of the desire to minimize the development risk.
Processing for the XPB electrolyte was well established
at the time the program began, and high-quality com-
ponents were routinely being produced in sufficient
quantities by SPL to supply the development effort.
Further, since safe operation is a major goal of the
contract, the XPB electrolyte size offers a conservative
design basis.

A schematic diagram of the c/S cell design that is
being developed is shown in Figure 5-6. Fabrication of
the celt begins with the glass seal between the high
purity alpha-alumina header and the beta’’-alumina
electrolyte. This glass bonded seal utilizes sodium
resistant glasses that have been developed for this pur-
pose under previous programs. This glazing operation
is the first step in the assembly process be=use it is the
highest temperature process. The next operation is the
bonding of the safety tube and sulfur seal ring to the
alpha-alumina header. Both seals are accomplished by
thermocnmpression bonding in a single process. The
sulfur seal ring is a direct aluminum to alpha-alumina
bond while that between the mild steel safety tube and
the alumina header is accomplished with an aluminum
interlayer.

Following bonding, the mild steel outer container is
welded to the safety can. At this point, an infill material
is placed in the annulus between the electrolyte and the
safety tube. The primary functions of the infill material
are to act as a sodium wick to ensure that sodium is
uniform ly distributed over the surface of the electrolyte,
to displace part of the sodium from the annulus limiting
the amount of sodium immediately available to react
with sulfur in the event of an ehxtrolyte fracture, and to
slow the flow of sodium to the reaction site in the event
of an electrolyte fracture. Sodium filling is ac-
complished by pressure impregnating the infill. A
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Figure 5-6. UES Central Sulfur Cell Design.

woven or expanded metal mesh isplaced over the open
end of the safety tube, and the end cap is inserted and
welded into place.

The final assembly operations are installation of the
sulfur electrode precast segments, followed by installa-
tion of the current collector assembly and welding the
aluminum top cap to the sulfur seal ring forming the
final cell closure.

Typical cell design characteristics and projected
performance for the c/S UES cell are shown in Table
5-2.

Positive Electrode Components

The positive electrode (cathode) components have
been carefully selected to minimize the potential for
corrosion in sulfur and polysulfides. In addition, BPI
continues to investigate alternate pole materials and
coatings that might offer further corrosion resistance.
Both in-cell and out-of-cell experiments are being per-
formed in search of improved materials and processes.

Corrosion Testing. Corrosion-testing cells can pro-
vide relative life characteristics of different cathode
materials in an electrochcmically active melt without
the added complications of other ceil components.

[

lk’Fl LL

Several electrode types have been tested, but the three
described here showed the most promising results.

All samples tested were immersed in NaX3d (except
as noted) and heated to 330”C. Both an electrochemi-
cally active and a control electrode were exposed to the
melt. The control electrode was electrically active for
only one cycle per week. This procedure was followed
to provide a means to distinguish degradation due to
exposure and degradation due to electrochemical
mechanisms. Figure 5-7 shows a schemalic drawing of
a typical test set-up used for these experiments.
Baseline cycles consist of a 30-min anodic segment, a
30-m in cathodic segment, each separated by a 15-to-30-
sec open circuit period. During each half cycle seg-
ment, the potential between the reference and working
electrodes is maintained at a constant level, and the
working electrode current is recorded.

Chrome Plated 446 Stainless Steel - Samples 7 and
8 cycled for over 104 days, when the current densities
suddenly decreased. As indicated in Figure 5-8, the
change in specific current for both anodic and cathode
potentials showed a mild upward trend, following the
reduction in applied potential, but then turned down
after about 300 Ah of charge had passed.
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Table 5-2. c/S UES Cell Design Characteristics

Outside Diameter 44,0 mm

External Length 114.5 mm

Current Collector Diameter 14.0 mm

Sulfur Load 63.0 gm

Sodium Load 36.0 gm

Cell Weight 312.0 gm

Cell Volume 174.0 cm3

Cell Resistance 14.0 mS2

Theoretical Capacity (to Na2S3) 35.5 Ah

Working Capacity 27.0 Ah

Power at C Rate 46.0 W

Specific Energy at C/2 Rate 155.0 Wh/kg

Energy Density at C/2 Rate 296.0 Wh/1

SENSE t

I
bE__l--

POWER

SUPPLY

I

LOOP

CONTACTOR

CELL CURRENT

CELL VOLTAGE

CELL TEMPERATURE

DATA WORK I NG

LCGGER ELECTRODE

Figure 5-7. Typical Corrosion Cell Test Set-Up.
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REFERENCE
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Figure 5-8. Electrical Performance for Chrome-

Plated 446 Electrode Over the Life of the Experiment.

After the cell was cooled and removed from the
furnace, the electrodes were removed from the test cell
and exam ined. While the idle and active electrodes
were visibly blackened (corroded), the section of the
graphite counter electrode immemed in the melt had
eroded to a tapered shape. The actual contact area of
this working electrode to the melt was reduced, which
would account for a large percentage of the observed
change in current density of this sample.

The graphite reference electrode, which was ex-
posed to the melt for the same time period as the work-
ing electrode but was subject to considerably less
electrical cycling, showed relatively little erosion.

Molybdenum on Aluminum - Figure 5-9 shows a
plot of the current density versus the exposure time (in
days) of a molybdenum-plated sample to the melt. The
upper and lower traces show the current density for the
anodic and cathodic portion of the cycle to be decreas-
ing gradually from about 34 mA/cm2 (anodic) and 28
mA/cm2 (cathodic) to 31 mA/cm2 and 26 mA/cm2
during the first 70 days, then falling more rapidly and
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Figure 5-9. Electrical Performance for Flame-Sprayed

Molybdenum on Aluminum Electrode, Over the Ltie of
the Experiment.

eventually recovering. The cause of the decline and
eventual recovery of the current density is likely a result
of an unstable power supply, but this has not been
verified. The current density eventually decreased and
the cell was taken off test.

The color change of the sodium-polysulfide indi-
cated that a leak to atmosphere may have been present
at some time during testing. Oxidation of the polysul-
fide may have played a role in the decrease in current
density. Both electrodes were physically exam ined and
had a black coating (MoS2) on the surface, but no spall-
ing of the aluminum was seen. The electrical resistance
of the samples, measured from the molybdenum surface
to the aluminum current collector, was less than 0.25 !2
for both electrodes.

Pure Molybdenum in a Suljiu Saturated Melt – A
flat molybdenum plate, 1 cm x 4 cm, was prepared from
0.032-cm-thick sheel stock. A 2-mm diameter molyb-
denum wire was welded along one long edge. The
sample was then placed into a melt consisting of 96 gm
of Na2S4 and 25 gm of sulfur. The cell was heated to
330”C and electrical cycling was started with * 300 mV
potential applied to the cell.

‘l%e initial average current dcnsily measured at the
beginning of testing was approximately 85 mA/cm2 and
45 mA/cm2 with the sample anodic and cathodic respec-
tively. As shown in Figure 5-10, the current density
gradually decreased after 15 days of cycling to stable
values of 60 mA/cm2 and 40 mA/cm2, for anodic and
cathodic polarities, respectively. Testing was stopped
after 128 days of cycling, with no change in current
density.

Freezeflhaw Durability Assessment. Freeze/thaw
durability of c/S celts has long been a concern. In order
to address this issue early in the program several freeze/
thaw experiments were planned and executed. These

50
[

g
40<

!!
30

$

g
. -l

. .... —- . . .. —. -e
. . . .

. ..0.. ● .8- w

-.. .-. “....=- .

. . . . ..— -“-. —
.—.. .. .“

. .

1
z 20 . .

2 .
x . .
:,0 L .
z . hodk

.

. Cathodic
.

.
—

o 20 40 60 80 100 120 140 160 180

Cxpoare Tan. t. M.tt (Doy.)

Figure 5-10. Electrical Performance for a Pure Moiyb

denum Electrode in a Sulfur-Saturated Melt Over Ltie
of the Experiment.

5. SODIUM/SULFUR PROJECT 5-9



initial experiments examined the behavior of a c/S
cathode during thermal cycling.

A number of half-cell mock-ups were assembled
and tested as follows. An aluminum rod acted as the
current collector. Several graphite felt disks were
placed over the aluminum rod to act as the graphite felt
matrix of an actual cell. Sulfur was cast into the disks,
and the assembly was allowed to cool. This “precast”
was then inserted into an XPB type electrolyte, which
was placed in a beaker of diffusion pump oil. The oil
was used to ensure that the sample would be isothermal.
Temperatures were recorded on an X-Y recorder as fol-
lows. The Y-axis recorded the difference between the
oil temperature and the sulfur temperature, while the
X-axis recorded the oil temperature. All samples were
heated to 180”C. Heating rates were varied in an at-
tempt to find an optimum heating rate to ensure cell
survival.

In an attempt to determine the effect of heating rate,
a sample was heated in six hours (30”C/hr), then cooled
at the same rate. It survived its initial cycle, but failed
during the heat-up on the second cycle. The next
sample was heated in twelve hours (15”C/hr) with the
same results; it survived its first cycle but failed during
the heat-up on the second cycle. Both failures occurred
at approximately 95”C, which corresponds to an expan-
sive phase transformation in sulfur from the alpha to
beta phase. All failures occurred at the base of the
electrolyte where the sulfur density in the felt was the
highest. The forces generated on the electrolyte during
the expansive phase transformation caused the failures.
The next experiment was an attempt to “outrun” the
phase transformation. If the sulfur melts in the alpha
phase, then the solid state expansion is avoided. To test
this, a sample was assembled as previously described,
but the heating rate was increased to 60”C/hr. The
sample was cycled several times with no failures occur-
ring.

The aluminum rod diameter was then changed to
match the size of the current collector in an actual cell.
The diameter increased from 0.25 in. to 0.55 in. It was
planned to repeat the experiments for this larger
diameter aluminum. However, at heating rates of 6, 12,
and 24 hr, no electrolyte failure occurred, indicating that
there is some critical current collector diameter, above
which the probability of electrolyte failure is low
enough for satisfactory cell durability.

The previous experiments addressed freeze/thaw
durability with sulfur; however, in order to fully address
the problem, a cell had to be completely assembled,
electrically cycled, and then thermally cycled. This was
performed with the first full cell built, which survived
thermal cycling (see Section 2.2.3). Since the first cell,

several cells have been successfully thermally cycled
between operating temperature and room temperature
with no electrolyte failure.

SPL is providing the XPB beta’’-alumina electrolyte
for the c/S UES cells. The electrolyte resistivity is less
than 0.5 C?/cm2. In the c/S cell configuration, the
electrolyte contributes approximately 40% of the over-
all cell impedance.

Thermocompression bonding is used to seal metal
components of the two sulfur electrodes to the electro-
lyte header. Both seals have presented some unique
problems. The sodium-side seal in a c/S configuration
is a relatively large diameter seal, which requires atten-
tion to the thermal expansion mismatches between
bonding surfaces. The sulfur-side closure requires the
weldment of thin aluminum members. Both of these
seals have required significant development trials and
diagnostics to specify the process parameters required to
achieve hermetic seals consistently. To date, BPI has
achieved strong thermocompression bond assemblies.
The negative electrode seal is still not quite hermetic,
but this is due to the quality of the sealing surface of the
thin safety tubes. Other tube materials and thicknesses
are being tested in an effort to guarantee hermeticity.

Concurrent with the early seal trials, efforts were
being made to find a suitable coating for the safety
tubes, especially in the seal area. A protective coating
is needed to inhibit the growth of a brittle intermetallic
layer between alum inure and mild steel. Chrome plat-
ing seemed to be a likely candidate and was chosen as
the coating material. Standard bright chrome was
chosen for its lower cost compared to crack-free
chrome. Seal samples were then assembled using
chrome plat@ safety cans. These seals were charac-
terized by low strength and brittleness. Through ex-
perimentation, a surface preparation of the mild steel
was formulated that has enabled this combination of
materials to be used. Although still not hermetic, it is
now believed that the problem lies wi~h the surface
texture of the steel and not the seal.

After failure of the first chrome plated seals, a
design change was initiated to make a safety tube that
could withstand the environment for chromized coating.
At this time, these tubes have been made and coated;
however, no seals have been attempted.

Task 2.2.2 Battery Component Development

Battery component development includes the ther-
mal management system, the cell interconnect, busplate
and electrical isolation design and some fundamental
studies in search of a viable failure device.

5-1o 5. SODIUMISULFUR PROJECT



The battery module will utilize a conventional ther-
mal insulation system using 3 in. of Fiberfrax Dura-
blanket in a single skin. The tradeoff between the cost
of the enclosure and the value of the heat loss yields an
acceptable 4-yr payback at 3 in. thickness. The use of
evacuated enclosure systems was eliminated based on
cost and reliability over the design lifetime of the bat-
tery module and compounded by the large interior
dimensions (4.5 ft2) of the enclosure. The module heat
loss is anticipated to be 1150 W. In contrast, an
evacuated system would offer 40% of this heat loss, but
at a significantly higher cost. In applications that utilize
the battery diurnally, the actual electrical parasitic loss
associated with make-up heat is expected to be 6 to 8~0

of the electrical energy stored. It is recognized that
there may be situations in which the need to minimize
heat loss dominates the design considerations, such as
long stand-by operation. In that case, an evacuated ther-
mal enclosure will be considered, but this does not ap-
pear to be the best application for sodium/sulfur.

The module design incorporates a eutectic mixture
of KC1-LiCl in separately sealed tubes located in the
interstitial volume between in-line cells. Ten sample
containers have been shipped to SNL for filting and final
weld. Of these, seven have been returned to BPI for
inclusion in cell string testing to verify the ability of the
approach to arrest cell temperature rise. Assuming that
the testing is successful, BPI will undertake all sub-
sequent manufacturing of this component. The
proposed additional use of lhis material within the
central current collector of each cell will be investigated
following the results of the external heat storage testing.

A design for formed separators between cells and
thermal energy storage capsules has been completed. A
forming tool is currently being fabricated, and trials are
due to start shortly. This formed component will
facilitate the assembly of the cells and thermal energy
storage capsules into the module enclosure, while
providing electrical isolation between these com-
ponents.

A prelimina~ design for the cell interconnect and
busplate has been completed. It was recognized that the
weld resistance must be kept to a minimum, if the over-
all contribution of the interconnect resistances is to be
limited to 6% of the cell and bank resistance, respective-
ly. BPI will initiate weld trials between the current car-
rying members specified by the design in order to verify
the design.

Several ideas regarding a viable open circuit failure
device have been discussed and documented. In
general, no single approach has surfaced that will clear-
ly overcome the insertion losses and offer the reliability
and cost needed to make it a viable concept. Neverthe-

less, a few ideas are being explored to the point of
experimentation.

Task 2.2.3 Cell Design Verification

Fabrication of the first c/SUES cells was completed
in April 1992. The electrical performance of lhe firs[
two cells was consistent with desi n predictions: a

#resistance of 12-13 mS2 (1.20 S2cm ) at 330”C and a
stable working capacity of 28 Ah to 90% depth of dis-
charge (DOD). In addition, another cell was subjected
to three freeze/thaw cycles demonstrating, for the first
time, that this c/S cell design could suwive at least a
limited number of freeze/ thaw cycles. This result was
contrary to the previous c/S experience at SPL. The
design thickness of the sulfur electrode and the im-
proved vertical thermal conductivity of the cell are
believed to be responsible for this improved durability.
Although the initial c/S cell results were very positive,
subsequent cells demonstrated that further improve-
ments in the design, processing, and material selection
were needed. To date, 22 cells builds have been at-
tempted, resulting in only 13 that are suitable for testing.
Improvements are already being made in two important
processes-sealing and the final closure weld. How-
ever, the principal cause of the poor cell yield is
believed to be the use of old beta’’-alumina electrolyte
tubes. New electrolytes have since been fabricated at
SPL and will be available at the start of FY93. A sum-
mary of the testing of these cells is shown in Table 5-3.

Testing of the c/S, UES cell has been geared toward
establishing basic electrical performance data for this
type of cell. Initial attempts to perform parametric tests
were hampered by premature cell failures. However,
recent changes in the cell configuration have allowed
testing to progress on a few cells.

Two c/S, UES cells are presently on test at the BPI
facility in Salt Lake City. These cells incorpate the
latest improvements to the cell design and are the first
with leak tight cathode closure welds that have been
tested. Therefore, these cells represent the first serious
look at long-term cell performance. At 11.5 and 12 mS2,
respectively, their resistance appears to be approximate-
ly 15% lower than predictions based on cell modeling.
The model, however, does include a 1-mS2allocation for
cell interconnection. The most significan~ cell improve-
ment to date was to eliminate failures caused by current
focusing in the electrolyte near the top of the cell. Cur-
rent focusing leading to electrolyte degradation can
occur when the entrance area for sodium ions is larger
than the exit area during cell charging. The stresses
induced in the electrolyte are further exacerbated if the
electrolyte, in the area of the current focusing, is
prestressed and/or has existing micro-cracks. The con-
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Table 5-3. Summary of UES Cell Testing and Status

Resistance F~ Electrical
Cell Number mini-ohms Cycles Cycles Comments

001

002

003

004

007

008

009

010

011

012

013, 014, 015

016

017

018

019

020

021

022

15-28

13

12-13

12-13

N/A

12-13

12-13

N/A

18-45

N/A

N/A

N/A

12-13

N/A

10-13

12-17

NIA

9-16

0

2

0

2

N/A

1

1

3

1

1

NIA

N/A

o

0
0

1

0
0

13

4

7

32

NIA

16

25

NIA

41

N/A

N/A

N/A

122

NIA

100

13

0

36

Faulty cathode weld. Cell
breached at top.
Faulty cathode weld. Cell
breached at top.
Failed during ac power loss; no
data. Breached at top.
Failed during third thaw.
Breached at top.
Failed during heatup. Cell ex-
ceeded 750”C.
Failed at top of charge. Cell
breached at top.
Failed near top of charge,
Melted entire top of cell.
Temperature exceeded 650°C.
Dummy - No Na or Sulfur. Com-
pression bond integrity - no leak
increase.
Slow cathode leak. High resis-
tance.
TC-Bond integrity experiments
w/sulfur.
Closure weld failure.

No OCV. Breached during heat-
Up.
On test. fl increased to over
40% ,
Failed on heat-up at 280”C.

On test, cell shows stable perfor-
tTKtnCE! at 90yo DOD.

Leaking sulfur at weld.

Failed at 370”C during heat-up.

Showed stable performance until
leaked formed in closure weld.

NOTE: Cells 3, 4, 13 through 17, and 20 utilized a flame-sprayed molybdenum as the current collector. All other cells used flame-
sprayed nickel/chromium (80/20%).

Cells 7, 8, and 9 were equipped with ‘1/8 inch short- cathode segments. All remaining cells utilized “1/4-inch show cathode seg-
ments to minimize current focussing at the header+ lectrolyte interface during recharge.

Cells 1 through 17 included a 63-gram sulfur load. All others were 53 grams.
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ditions that favored current focusing existed in the early
cell builds because the cathode segments extended into
the glass line region of the electrolyte/header interface.
Furthermore, some of the electrolytes were known to be
micro-cracked at the open end prior to glassing the
header to the electrolyte. Cell 017 (and subsequent
cells) utilized shortened cathode segments as compared
to earlier cells. This cell has been on test for more than
30 days and completed 75 electrical cycles (3000 Ah of
charge passed).

The performance of three recent cells is discussed in
more detail below. Two of these are the ones presently
on test. The third failed early in life.

Cell 017 (MoIA1 Currenl Collector) – Cell resis-
tance and unrecoverable capacity (f 1) have steadily in-
creased from the start of testing for Cell 017. The rate of
change for the resistance rise at beginning of discharge
is a nearly linear increase of 62 p-S2/cycle as indicated
in Figure 5-11. This value is 25 times higher than ex-
pected. A plot of the fl and DOD (to fixed voltage
cut-offs of 2.3 V on charge and 1.83 Voc on discharge)
are shown for Cell 017 in Figure 5-12 and reveal a
gradually increasing fl from around 9%, at the begin-
ning of testing, to over 21 Yoafter 60 cycles, with the
DOD limited to 90 percent.

Figure 5-13 shows a plot of the DOD for three
different cycles for Cell 017. While the degradation in
relative performance is clearly seen between each cycle,
the position and slope of the single-phase ;egion of each
charge curve is nearly identical. This observation
strongly suggests that the cause of the increase in cell
resistance and fl is not due to a loss of catholyte, but
some other mechanism.

One possible explanation could be that the molyb-
denum/aluminum interface is attacked by sodium poly-
sulfide, passivating the aluminum, thus effectively
reducing the active area of the current collector. This
condition would manifest itself as an increase in cell
resistance due to a loss of current collector area. The
unrecoverable capacity of the cell would also lend to
increase as the current density at the current collector
interface increased. Another explanation for the loss of
charge acceptance could be that the catalyzing agent,
e.g., transition metal sulfides, allowing charge in the
two-phase region is nearly depleted.

It is possible that more than one mechanism is
responsible for the observed changes in this cell. If the
molybdenum/aluminum interface is passivating, even-
tually the cell will no longer function. However, if the
cause of the degradation is due to a loss of the catalyzing
agent, the expectation is that fl would stabilize at -6070,
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Figure 5-13. Depth of Discharge Plots of Cycles 7,38,

and 75 for Cell 017. Charge and discharge currents
were 5 and 7 A, respectively.

Experiments with flame-sprayed molybdenum/
aluminum electrode samples that were electrically ac-
tive in sodium-polysulfide melt, suggest that failure of
the current collector may occur after 160 days of ex-
posure to the mollen salt. These data would tend to
support the “loss of catalyst” theory, but it is important
to note that the analysis of the uxrosion cell data is not
complete. Also, the charge transfer mechanisms in the
c/S cell and the corrosion CC1lare different and may
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therefore lead to different failure modes of the current
collector.

Cell 019 (NilCr Current Collector) - Cell 019 has
completed 50 electrical cycles and continues to show
stable performance with respect to cell resistance, use-
able capacity, and charge acceptance. Cell resistance at
the beginning of discharge and charge is plotted against
cycle number and shown in Figure 5-14. The higher
value for the beginning of discharge resistance is likely
due to the formation of sulfur adjacent to the electrolyte
at the end of charge, reflecting a good charge acceptance
value as indicated in the plots of depth of discharge and
fl versus cycle number shown in Figure 5-15. The plot
of cell resistance shows a slight upward slope, which
may be due to corrosion of the Ni/Cr current collector.
Consistent cell behavior is suggested in Figure 5-16,
which shows four polarization plots for this cell, of
cycles 6, 20, 31, and 50. The differences seen in the
relative position of these curves is consistent with the
slight changes in cell resistance and the expected error
of the calculated data.
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31, and 50 for Cell 019. Charge and discharge cur-

rents were 5 and 7 A, respectively.

Cell 022 (NilCr Current Collecfor) – Initially this
cell showed stable resistance and fl values. However,
following cycle 25, the cell resistance and fl gradually
increased until the cell failed after cycle 35. The lower
curve shown in Figure 5-17 and the resistance curves
shown in Figure 5-18 show an increase in the slope
following cycle 25. These changes were accompanied
by a visual indications of leaks in lhe cathode compart-
ment. The most likely cause of failure was a leak in the
cathode compartment caused by failure of the cathode
weld. This weld is difficult to make and tends to heat
the cell to a point where sulfur vapor could contaminate
the weld nugget. Thermal stresses induced during
electrical cycling may have fatigued the weld to the
point of failure, allowing catholyte to escape and react
with air. The reaction products corroded the current
lead on the cell anode causing complete loss of electrical
contact.

Cell Development Summary

The results of testing performed to date show that
the cell performance projections for the BOL can be
met. Typical cell performance test results are sum-
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marized in Table 5-4. These results are in excellent
agreement with the projected cell performance.

The actual masses of cells tested are around 362 gm.
Some of this extra weight is due to the use of current
lugs added to the cell for testing that are different
(heavier) from those that will be used on production
celts. The remaining weight increase is in the safety
tube, which is twice as thick as in the initial design, and
in higher graphite felt densily in the cathode. For utility
applications, the added mass is beneficial for its effect
on battery thermal management.

Because of the high incidenee of early failures in
the cell development effort, it is not possible at this time
to speculate about the longer term cell durability and
reliability. However, because two causes of early
failure have been identified and cell design and fabrica-
tion procedures have been changed with a positive
effect, longer term cell performance data should now be
possible. Further, with the incidence of early failures
minimized, statistically valid assessments of the safety
and freeze/thaw durability of the present design can be
made.

Task 3. Design and Fabrication of UES
Module

The design of a representative UES module is
scheduled to begin during the fourth quarter of lW92.
The basic design of the module is already being com-
pleted in Task 2. Two modules are scheduled to be
assembled. The first will be tested at BPI as a precursor
to the deliverable module, which is scheduled to be
shipped to Sandia at the conclusion oft he program. The
start of this activity is likely to slip about three months
to allow additional c/S cells to be built and tested. This
revised schedule is also consistent with the decreased
funding rate expected in FY93.

Task 4. Full-Scale Battery Plant Design

Originally, the objeetive of this task was to generate
an integrated battery-power conversion system design
specific to a utility application selected in Task 1.
Along with this, a detailed cost summary would be
generated to determine the viability of the proposed
design. This task was scheduled to start during the
fourth quarter of FY92.

Because the proposed design has developed around
a modular ac concept, the drawings and cost will have
be generated in adequate detail as an output of Task 2.1
design activity. Therefore, consideration is being given
to applying funding for this task to initiate an aspect of
system engineering: the design and development of a
battery management system. While this subject was in-
tended for subsequent contracts, the need for a unique
control system has evolved as a result of some of the
studies performed under Task 2.1.

Technology Evaluation - SNL

The performance and operating characteristics, as
well as cycle-tife data and failure modes for candidate
sodium/sulfur cells and modules are determined in this
SNL activity. This information is shared with the

Table 5-4. Typical

Cell Resistance

Working Capacity

Power at C Rate

Cell Performance Test Results

12ms2

27 Ah

45 w

Energy at C/2 Rate 51 Wh
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developer to improve the design and operation of the
technology.

The specific tasks that were performed include:

1. Evaluation of 40-Cell XPB Module
1.1- Perform life-cycle tests under UES test profile

2. Evaluation of Single XPB Cells
2.1- Conduct parametric tests to determine cell

performance
2.2- Perform life-cycle tests

Task 1. 40-Cell XPB Module

During the summer of 1991, SNL received a 40-cell
XPB sodium/sulfur module that represents a portion of
a single tray of a UES battery design. This module was
part of the deliverable agreement from the 5-yr Core
Technology contract with SPL. Figure 5-19 is a photo-
graph of the module showing how the cells are picked,
while Figure 5-20 is a schematic diagram that represents
how the unit is configured electrically. The cells used in
this module were designed for utility applications and
have a rated capacity of 30 Ah. Four of these cells
placed in series makeup an 8.28-V string, and ten 4-cell
strings placed in parallel make a 300-Ah rated module.
This module was instrumented with seven ther-
mocouples (strategically located at positions selected by
SPL) and a current shunt on each of the ten strings. The
module was placed in a convection furnace and heated
at a rate of 6“Cmr to 340”C. Battery voltage, string
currents, battery temperatures, and furnace temperature
were monitored.

Initial testing started in September 1991. Several
break-in cycles were performed at a reduced charge/dis-
charge rate to a shallow DOD. This was done to lower
the module resistance. The initial resistance was 38
mohms; however, after 12 cycles, this value had
dropped to less than 12 mohms. A plot of module
capacity and resistance vs cycle number is shown in
Figure 5-21. An average capacity of 257 Ah was
removed from the module during the first 24 cycles.
This was achieved by discharging the module at a C/3
rate to an end of discharge (EOD) open-circuit voltage
of 8.0 V, approximately equivalent to 80% DOD. The
module was charged at a C/9 rate to 9.1 V. Discharge
cycle 25 was performed to 100% DOD, and a module
capacity of 305 Ah was achieved (slightly exceeding the
rated value of 300 Ah). Nine additional cycles were
then run at 80% DOD. On cycle 32, string #10 ex-
perienced an open in one of the celts and the module
capacity dropped to 235 Ah al 80% DOD. A cor-

responding increase in module resistance was observed.
The string current profiles indicated the loss of string
#1O, two hours into discharge. The discharge currents
on the other nine strings increased slightly to compen-
sate for this failure.

After the loss of string #10, 22 additional cycles
were placed on the module. Unstable performance
during most of these cycles indicated that there were
problems with a second string. Finally, on cycle 54, it
was confirmed that string #5 had a cell failure when the
module capacity dropped to 186 Ah at 80% DOD.
Three 100% DOD cycles followed and a capacit y of 230
Ah was achieved, confirming the total loss of two
strings. A further decline in capacity and increase in
module resistance was observed between cycles 61-75.
During this time, the string current profiles indicated
that string #1 was experiencing problems. The capacily
on cycle 75 was 160 Ah at 80% DOD. However, this
value increased to 180 Ah on cycle 76, and from that
point on, a gradual decline in capacity was observat
with no large fluctuations until cycle 131. Cycles 113-
115 were performed at 100% DOD, and a capacity of
210 Ah was achieved.

The capacity of this module at 100% DOD declined
further on cycles 141 and 142 and 154 and 155 to a value
of 190 Ah; a loss of 38% from what was measured early
in life. An increase of approximately 0.5 mohm in the
end-of-discharge module resistance was observed each
time a string failure occurred. The EOD module resis-
tance increased from a low of 6.3 mohms to 7.7 mohms
during the first 131 cycles. Between cycles 132 and
168, the EOD resistance was very erratic.

Figures 5-22 and 5-23 are string current profiles for
cycles 167 and 168, the last two cycles run at 80’ZODOD.
These profiles show that strings 5 and 10 had definitely
failed and that strings 1 and 7 were close to failure.

The relatively rapid decrease in capacity of this
module is not consistent with the behavior observed in
earlier 40-cell modules tested at SPL, but is somewhat
similar to modules built at the same time period. This
inconsistent performance is a source of concern that is
currently being studied at SPL.

Following cycle 168 on the 40-cell XPB module,
shake-down tests on the SES test profile, developed by
SNL, were performed. Most of the errors in the
software were corrected before the module performance
had declined to a level where it was no longer ap-
propriate to operate. This module will be returned to
SPL, and a second 40-cell module will be placed on test
to characterize its performance on the SES test profile.
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Figure 5-19. Forty-Cell XPB Sodium/Sulfur Module.
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Figure 5-20. Schematic of Electrical Configumtion of the 40-Cell Sodium/Sulfur Module.
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Task 2. XPB Single Cells

Two 30-Ah XPB celts from the technology develop-
ment contract with BPI were placed on test during the
third quarter of FY92. These cells were designated as
SNL #527 and #528. A test plan was developed that
consisted of the following:

10

2.

3.

4.

5.

6.

7.

Commissioning that included a thermal warm-up
and electrical break-in cycles until the EOD resis-
tance S12 mohms. Once the resistance was within
this range, one celt was kept at 350”C while the
other was set at 330”C.

Basetine capacity tests in which the cell is dis-
charged to 100% of its rated DOD (open circuit =
1.9 V) at the C/3 rate and charged at c/S.

Capacity tests run to determine capacity response to
varying charge and discharge rates. Discharge to
100% rated DOD (open circuit= 1.9 V) with current
modulated at A10%. or until the high-temperature
limit is reached.

Constant power tests.

Peak power tests.

Stand tests.

Life-cycle tests using continuous Simplified Fre-
quenc~ Regulation ~egime to 80% DOD (open

circuil = 2.0 V) and charge al the 6-hr (5A) rate.
Cycling shall be interrupted at the end of each
month to run three baseline capacity tests.

Once the break-in cycles were completed, three
baseline capacity tests were run. The initial capacity of
both cells was very close to their rated 30-Ah value.
The capacity of cell #527 at 350”C was 30.2 Ah while
the capacity of cell #528, which was being cycled at
330”C,was 30.0 Ah. The EOD resislan~ of both cells
was 8,4 mohms.

Next a series of capacity tests was performed to
determine how charge and discharge rates affected
capacity. These tests were conducted in a random
fashion with baseline cycles run at the beginning and
end. Figure 5-24 is a plot showing these data. The data
points on this plot are average values for three cycles at
each charge/discharge rate. The capacity of both celts
followed lhe same trend. A loss in capacity occurred
with an increase in the charge or discharge rate. As
expected, for the majority of these tests, the capacity of
the cell operating at 330”C was lower than that of the
cell operating at 350”C. The baseline capacities of both
cells at the beginning and end of these tests remained
relatively constant. All of lhe capacity tests tha[ were
specified in the test plan were performed except for the
30-A (C/1) discharge set. Initially, high ternPeratur~
on the cells were reached before the cycles could be
completed, and then problems with cycler relays were
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encountered. Testing was temporarily suspended while
the cyclers were repaired.

Both XPB cells were moved to anew test station,
and baseline capacity tests were performed to determine
if a freeze/thaw cycle the cells experienced affected
performance. The capacity of Cell #527 increased from
30.2 Ah to 31.0 Ah while the capacity of Cell #528
remained the same at 30.0 Ah.

Constant power tests were run to determine the
energy output at various power levels. A set of three
cycles was performed at power levels of 6-W, 12-W,

25-W, and 60-W. The cells were then charged for 6 hr
at a 5-A rate to an end of charge (EOC) voltage of 2.4 V.
Due to over-temperature problems at the 60-W level, a
set of cycles, at a reduced power level, was required.
Figure 5-25 shows the results of these constant power
tests. The data points are average values for the three
cycles run. On a relative basis, the results presented in
Figures 5-24 and 5-25 for XPB cells are consistent with
those obtained previously for SPL-PB cells.

The attempts to run peak power tests were unsuc-
cessful because of high cell resistance.
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6. Supplemental Evaluations and Field Tests

SNL Test Facilities

In preparation for the upcoming evaluations of
utility battery performance at SNL, improvements to the
facilities have been in progress. This activity has in-
cluded procurement of 4 large power supplies, 3 load
units, a computer, and a stand-alone tester. Several of
the loads and power supplies were temporarily used to
evaluate the 100-cell zinc/bromine battery from JCBGI
and two 40-cell sodium sulfur XPB modules from BPI.
The UNIX computer work station was purchased to
gather test data on sodium/sulfur modules. The stand-
alone tester was fabricated by Transistor Devices to
evaluate large lead-acid deliverables from GNB and the
PREPA/C&D lead-acid battery. An SES test profile,
which will be used to evaluate the lead-acid batteries
and XPB sodium/sulfur modules, has been developed by
SNL. A small enclosure was built to perform controlled
temperature tests on the PREPA/ C&D battery.

Nickel/Hydrogen Field Tests

JCBGI, contract #78-8203, originally provided
technical support for the testing of four 2-kWh CPV
nickel/hydrogen batteries, two each at the Florida Solar
Energy Center (FSEC) and the Southwest Technology
Development Institute (TDI), and the testing of a 7-kWh
boilerplate CPV battery at JCBGI, Testing was ter-
minated at TDI in November 1991.

FSEC Tests

In November 1991, one of the two batteries that had
originally been delivered to TDI for testing was shipped
to FSEC. The plan was to couple this unit in series with
the remaining unit at FSEC. Independent charac-
terization cycles were run on each of the two batteries as
a routine state-of-health check before starting the series
configuration tests. Battery P022, the remaining unit
from FSEC, accepted 232.2 Ah before charge was ter-
minated based on a decline of the pressure slope. It
delivered 1%.6 Ah, well above the 160 Ah rating. Bat-
tery coulombic efficiency was 85Y0. Voltage cell pair
matching was excellent. Battery PO05, the unit from
TDI, also performed well despite being hampered by a
short in one of the 10 cells. It accepted 231.8 Ah before
charge was terminated based on roll-over of the pressure

slope. It delivered 185.9 Ah, also well above the 160-
Ah rating. Battery coulombic efficiency was 80%.

Shortly after completing the characterization tests,
a small leak was identified in battery PO05, and it was
removed from lest and returned to JCBGI for analysis.
Subsequent examination at JCBGI indicated a vessel
failure at one of the adhesive-bonded end domes, similar
[o the mechanism tha[ had been observed previously on
the other two batteries. Testing of battery P022 con-
tinued with the photovoltaic array reconfigured for the
single battery. The battery was placed on the simulated
vaccine refrigeration cycle. In this profile, the battery
was cycled daily to approximately 20% DOD. Plans are
to terminate testing at FSEC and return the battery to
JCBGI,

7-kWh Battery

The 7-kWh nickel/hydrogen battery continued to be
evaluated during FY92. This battery had previously
been on test for two years at SNL before being returned
to JCBGI. The battery design consists of four 12-V
units, wired in a senwdparallel arrangement to deliver
300 Ah at 24 V and packaged in a rectangular frame-
work (49”X 34”x 39”). Passive cooling assisted thermal
management; no active cooling was provided. Electri-
cal taps were provided on a panel to allow series testing
in 12-V multiples up to 48 V with a capacity of 150 to
600 Ah. Each battery module contains 10 prismatic
celts. Each cell contains nine cell-modules, a concept
developed to reduce manufacturing costs and promote
ease of handling. One cell-module, which is the build-
ing block of the prismatic cell, uxtsists of two sintered
and electrochemically impregnated nickel positives in a
back-to-back configuration with an electrolyte absorber
between them, two separators, and two negative
electrodes. The components of the cell-module are
bound together by two outside diffusion screens.

During the year, a series of tests examining the
effects of discharge and charge rate was completed. In
the discharge rate tests, a range of C/3 to C/20 was
covered. The four 12-V batteries were coupled as two
independent series sets for the tests. The charge con-
sisted of a C/10 rate for 12.5 hr. Capacity was quite
stable over the rate range, varying from 190 to 195 Ah
for the C/4 to C/20 rates (Table 6- 1). Even at the highest
rate tested, C/3, the battery pairs delivered 183 and 189
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Table 6-1. 7-kWh Ni/Hz Battery Discharge Rate Tests

Battery Pair PV1-PV3 Battery Pair PV2-PV4

Discharge Amp-hour Mid-Disch Amp-hour Mid-Disch
Cycles* Rate Capacity Volt/Cell Capacity Volt/Cell

1-8 c/5 191.5 1.24 193.1 1.25

9-15 CJ1O 195.0 1.29 195.1 1.30

16-22 c/20 194.7 1.32 195,1 1.32

23-28 c/1 !5 194.7 1.31 195.1 1.32

29-41 c/3 183.0 1.16 189.2 1,18

42-49 c/4 190.0 1.21 193.2 1.22

50-54 c/5 193,3 1.24 194.8 1.25

● For convenience, cycle numbers were reset at zero prior to initiating the parametric tests. The batteries had been cycled at
JCBGI at the time of fabrication and daily at SNL over a period of -2 yr for a total of -800 cycles prior to the initiation of these
tests.

Ah, respectively, well above the 160 Ah rating. Results
of the C/5 rate tests run at the beginning and end of the
series of discharge rate tests indicate stable performance
over the 54 cycle test period.

A series of tests examining the effects charge rate
was completed in the second quarter of FY92. The 12-V
batteries remained in the same configuration as in the
previous tests. Battery performance was excellent and
consistent over the charge rate range of C/5 to C/20,
again demonstrating the flexibility of the nickel
hydrogen system (Table 6-2).

Toward the end of the second quarter, life-cycle
tests were started on the four battery stacks that com-
prise the 7-kWh system. Presently, the batteries remain
on the life-cycle test regime. The batteries are being
charged for 750 min at the C/10 rate and discharged at
the C/5 rate [o 100% DOD (1.0 V/cell). The batteries
have exceeded 1040 cycles to date, including ap-
proximately 800 cycles run at SNL prior to the initiation
of the tests at JCBGI.

As can be seen in Figures 6-1 and 6-2, delivered
capacity of the nominal 160-Ah batteries is steady at
195 Ah for both battery pairs, corresponding to a

coulombic efficiency of almost 9890. The scatter in the
early portion of the data (cycles 1 to 80) is due to
variations in charge and discharge rates that were being
examined at that time.

A steady rise in pressure has been observed in the
PV1-PV2 battery pair. The slight decrease in pressure
at around cycle 970 resuhed when the pressure reached
the limit of lhe safety relief valve. No corresponding
pressure rise has been observed in battery pair PV3-
PV4. It is not clear whether this is due to a true dif-
ference in behavior between the pairs or if there is a
low-level leak from the PV3-PV4 pair that could be
counteracting. the pressure rise. Similar increases in
pressure have been observed previously in cells tested at
SNL.

Cycling has been temporarily suspended due to a
failure in the cycler cooling system. Tests will be
resumed as soon as the problem is corrected. The bat-
Ieries will remain on the two cycle/day life-test until
failure, defined as a drop in capacity of 80% of the
160-Ah nominal rat ing. However, this effort will no
longer be supported by SNL, and further testing will be
sponsored by JCBGI.
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Table 6-2. 7-kWh Ni/Hz Battery Charge Rate Tests

Battery Pair PV1 -PV3 Battery Pair PV2-PV4

Charge Amp-hour Mid-Disch Amp-hour
Cycles*

Mid-Disch
Rate Capacity Voltage Capacity Voltage

50-54 Cll o 193.3 1.24 194.8 1.25

55-59 c/20 190.6 1.24 192.6 1.25

60-72 c/5 190.1 1.24 191.3 1.25

● For convenience, cycle numbers were reset et zero prior to initiating the parametric tests. The batteries had been cycled at
JCBGI at the time of fabrication and daily at SNL over a period of -2 yr for a total of -800 cycles prior to the initiation of these
tests.
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que, NM, May 1992.
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Zagrodnik, J. and K. Jones, “Nickel Hydrogen Battery -
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June 1992.

Publications

Magnani, N. J., P. C. Butler, A. A. Akhil, J. W. Braith-
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